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CHAPTER 1.  INTRODUCTION 
      In recent years, many researchers are concentrating on developing biofuels from alternative and 
renewable sources to replace commercial petroleum products. The suitable properties of plant oils 
and animal fats (renewable and low sulfur, nitrogen and heavy metal content), which are made up 
of triglycerides with long chained fatty acid groups 16 to 24 carbon atoms in length, makes them 
ideal sources for the production of synthetic fuels and useful chemicals 1.  At present, the most 
successful class of biofuels is biodiesel, which is produced from plant oils or animals fats by a 
liquid-phase catalyzed transesterification process at low temperature or a solid catalyzed catalytic 
cracking process at high temperature. However, the process requires a large investments for the 
production units in order to ensure high efficiency2. Also biodiesel product is not stable compared 
with the petroleum fuel because of its low oxidation stability and poor cold flow properties. 
Recently, an alternative method of converting plant oils and animal fats into biofuel products has 
been studied by using a catalytic hydrotreating process similar to what is found in the oil and gas 
industry3, 4.  Two important chemical steps occur during the conversion of biomass-derived oils into 
biofuel products: oxygen removal (hydrodeoxygenation (HDO), hydrodecarbonylation, and 
hydrodecarboxylation) and hydrocracking5. Both of these chemical processes are included in a 
larger group of processes generally referred to as hydroprocessing.  During the process, a dual 
function catalyst composed of a metallic part and amorphous mixed oxides of acidic nature or 
proton exchanged crystalline zeolites is required, where metallic sites are required for 
hydrogenation and dehydrogenation reactions and the acid sites are necessary for isomerization and 
cracking activities. Therefore, it is very important to design the acidic sites and metal components 
as well as tailor the balance between the metal and acid for the product selectivity, catalyst activity 
and stability6-8.  
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      At present, two types of catalysts have been reported as effective hydrotreating catalysts in 
converting vegetable oils to biofuels, especially green diesel: supported noble metal catalysts (Pd 
and Pt)9-12 and sulfided bimetallic catalysts (usually Mo- or W-based sulfides promoted with Ni or 
Co)13-17 . The subject has been covered in several publications18-21.  However, there are 
disadvantages of using these catalysts. On one hand, the rarity and high price of noble metal 
catalysts has made the process economically unfeasible. Furthermore, since noble metal catalysts 
are very sensitive to catalyst poisons22, impurities (such as sufur, heavy metals and oxygenated 
compounds) in feedstock can cause significant deactivation of the catalysts23. Therefore, it is 
necessary to remove impurities from the biomass feedstock before the reaction. On the other hand, 
conventional γ-Al2O3 supported sulfided bimetallic catalysts (usually Mo- or W-based sulfides 
promoted with Ni or Co) as presently used for desulphurization of fossil diesel streams need to be 
operated under high energy consumption conditions, such as high temperature, high pressure, and 
large amount of hydrogen consumption24. The process is costly and the yield of product can be low 
because of formation of coke, which causes its deactivation and delta P build-up in the reactor25.  
The products obtained in the mentioned processes over the bimetallic aluminum oxide supported 
catalysts are mainly n-paraffins (n-C15 up to n-C18) which solidify at low temperatures, so, they 
are unsuitable for high quality diesel fuels, kerosene and gasoline compounds26. More importantly, 
the transition metals in these hydrotreating catalysts need to be maintained in the sulfided form in 
order to maintain the activity at process conditions. Therefore, a sulfurization co-feed needs to be 
added to the biomass feedstock.  
      In recent years, the nitrides and carbides of early transition metals have been identified as a new 
class of promising hydrotreating catalysts which possess excellent catalytic properties and are 
competitive with the conventional bimetallic sulfided catalysts.  After carburization or nitridation, 
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the early transition metals can exhibit high activity similar to the noble metals because the 
introduction of carbon or nitrogen into the lattice of the early transition metals results in an increase 
of the lattice parameter a0 and leads to an increase in the d-electron density27. As a substitute for 
sulfide catalysts, mono- and bimetallic carbides and nitrides based on transition metals have been 
successfully applied to the upgrading process of petroleum oil and bio-oil including 
hydrodesulfurization (DNS), hydrodenitrogenation (HDN), and hydrodeoxygenation (HDO)28-31.  
During catalytic hydrotreating, the triglycerides and free fatty acids in vegetable oils and animal fats 
are deoxygenated first and then converted into hydrocarbon fuels. It has been reported that 
transition metal nitrides exhibited excellent activity and selectivity for hydrodeoxygenation of 
benzofuran32. Moreover, Han et al.33 reported transition metal carbide catalyst, Mo2C,  showed 
high activity and selectivity for one-step conversion of vegetable oils into branched diesel-like 
hydrocarbons.Nitrides of molybdenum, tungsten and vanadium supported on γ-Al2O3 were also 
used for hydrodeoxygenation of oleic acid and canola oil34. The oxygen removal exceeded 90% 
over the supported molybdenum catalyst for a long reaction duration (450 hours) and the yield of 
middle distillate hydrocarbons (diesel fuel) ranged between 38 and 48 wt%. Although most of the 
transition metal carbides and nitrides catalysts described above have interesting hydrotreating 
properties, bimetallic nitride and carbide catalysts were found to be much more active and stable 
than the mono-metallic ones28.   However, there are only few reports on the use of bimetallic 
catalysts for vegetable oils hydroprocessing. 
1.1. Significance of this study 
     The study has three-fold significance: 
      First, the biofuel feedstocks in this study are renewable biomass (plant oils or animal fats).  One 
of the most frequently cited benefits of biomass derived fuels is their ability to help to offset the 
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point where there's less crude oil in the ground than we've extracted -- i.e., so-called "peak oil". In 
2009, the National Petroleum Council released a landmark report commissioned by the U.S. 
Department of Energy (DOE) coming up strategies to resolve declining crude oil reserves. One of 
those recommendations was to expand and diversify energy production from sources other than 
petroleum oils, especially bio-based renewable sources. The renewable biomass resources have also 
drawn strong support from the agricultural community which would benefit from increased farm 
income. 
      Second, development of biofuel alleviates the environmental problems caused by burning fossil 
fuels. Take aviation fuel for example, the ground level emissions from commercial, military and 
general aviation have been considered as a major cause of the decreasing local air quality35. Aircraft 
produces up to 4% of the annual global CO2 emissions from fossil fuels near the Earth's surface as 
well as at higher altitudes (25,000 to 50,000 feet).  Replacement of fossil jet fuels with biomass 
derived ones helps to maintain the carbon balance on the earth and reduce the greenhouse emissions. 
It was reported by renewable fuels company, Sustainable Oils, that results from a life cycle analysis 
(LCA) of biojet fuel produced from camelina seeds invented by the company showed the fuel 
reduces carbon emissions by as high as 84% compared to conventional petroleum jet fuel36.  
      And finally, this research develops the catalysts of the carbides of early transition metals which 
can exhibit high activity similar to the noble metals. This study fills the gaps in the literature 
identified above by investigating the hydrotreating activities and selectivity of bimetallic (NiMo) 
carbides and nitrides catalysts. And the application of the technology eliminates the need to add a 
sulfur compound to a biomass-derived feedstock. 
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1.2.  Objectives of the study 
      With abundant renewable energy sources, vegetable oils can be converted to gasoline to diesel 
fuel range hydrocarbons by catalytic hydrotreating. The overall research objective for this project is 
to develop bifunctional carbide and nitride catalysts for hydrocracking of triglycerides under milder 
conditions to produce drop-in biofuels. In order to achieve the overall objective, three secondary 
specific objectives listed below have been identified to direct the research ultimately towards the 
overall objective.  The specific objectives are: 
 Synthesize, characterize and test three different types of catalysts, supported noble metal, 
supported metallic nitride and carbide catalysts to determine which one has the highest 
activity for hydrotreating of soybean oil.  The three catalysts to be tested are: Ru, NiMo 
carbide and nitride supported on ZSM-5. Also catalytic cracking activity of ZSM-5 will be 
tested. 
 After determining the most active catalyst(s), investigate the process parameters effect on 
catalyst activity and product selectivity. Optimize the most active catalyst for its activity for 
hydroprocessing of vegetable oils with respect to important catalyst parameters, such as 
metal loading, and important operating parameters, such as temperature, hydrogen partial 
pressure, and residence time (LHSV). 
 Synthesize, characterize and test catalysts with five different types of supports. The supports 
are: ZSM-5, zeolite-β, USY zeolite, γ-Al2O3 and Al-SBA-15 
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CHAPTER 2. LITERATURE REVIEW 
      This section reviews various areas of interest that are important to the production of biofuels 
from biomass-derived oils, including different production methods, feedstocks, hydrotreating 
catalysts and reaction mechanism. 
2.1 biofuel production 
In order to overcome the reliance on crude oil resources, there exist several commercial and 
research programs around the world aimed at creating alternative fuels based on alternative 
feedstocks. 
    
 
Figure 1. Biofuel from biomass gasification and Fischer-Tropsch synthesis of biomass37 
      Syntroleum39 and Sasol40 have independently produced biofuels based on gas-to-liquid (GTL) 
Fischer-Tropsch (FT) processes of cellulose plants. FT synthetic crude oil is sulfur free, nitrogen 
free and residues with little heteroatom contamination, making its purification and separation less 
complicated than that of crude oil41. To obtain biofuel, the biomass must undergo a chemical 
conversion before the FT process. Although there are varieties of conversion processes, it is 
normally assumed that the biomass is converted exclusively through gasification and then Fischer-
Tropsch synthesis, which is one of the best options for the production of biofuel, especially biojet 
fuel that is currently commercially available. Figure 1 is a general flow diagram of this conversion 
process.  
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Figure 2. Schematic representation of reactor sequence and proposed chemistries used to 
generate monofunctional organic compounds from catalytic processing of sorbitol or glucose, 
providing a platform for the production of liquid transportation fuels38 
       
     Most recently, Kunkes38 report a catalytic approach for the conversion of carbohydrates (sugars 
and polyols) to specific species of hydrocarbons which can be used as liquid transportation fuels. 
The approach can be modified for the production of shorter chain, branched hydrocarbons and 
aromatic compounds in gasoline, or longer-chain, less highly branched hydrocarbons in diesel and 
jet fuels. It begins from converting sugars and polyols over a Pt-Re catalyst to form primarily 
8 
 
 
ketones, carboxylic acids, hydrophobic alcohols, and heterocyclic compounds as shown in Figure 2. 
Promising yields of mono-functional hydrocarbons were achieved by this method. However, the 
process is still not economical for commercialization mainly because of the large numbers of 
processing steps.       
       
 
 
 
 
 
 
 
 
 
Figure 3. Bio-SynfiningTM  process37 
          Nowadays, many researchers are concentrating on developing alternative biofuels from plant 
oils and animal fats to replace commercial petroleum products in the future.  Several patents42-45 
were published within the field discussing the process for production of biofuels from these 
resources in recent years. Bio-Synfining™ is a low capital cost process developed by Syntroleum46 
for producing high quality synthetic paraffinic kerosene (SPK) from bio-renewable feeds such as 
fats, greases, and algae oils.  As shown in the schematic flow diagram of Figure 3, the Bio-
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Synfining™ configuration for SPK is a simple single-train hydroprocessing unit which processes 
the biomass with heat, hydrogen and proprietary catalysts. Pre-treated bio-feed is combined with 
the hydrocracker effluent which acts as solvent/diluent for the exothermic hydrotreater reactions. 
After separation from hydrogen and light hydrocarbons, the reaction products are transferred to 
fractionation. UOP LLC, a Honeywell company, also developed a process to produce green jet and 
diesel fuels from natural, renewable, fats and oils, based on UOP’s over 90 years of experience in 
technology for the refining industries. However, since certification and commercialization must 
happen for these fuels to be used on a widespread basis, it may still be several years before this kind 
of alternative fuels can be applied on the commercial market.  
2.2     Renewable sources for biofuels  
      Biomass-derived oils can be obtained from many sources, such as animal fats, plants and 
microbial plants. Each source has advantages and disadvantages in terms of availability and cost. 
Those that are already grown widely and used for some form of bioenergy or biofuel production are 
called 1st generation feedstocks. Most of them present food versus fuel conflicts. At present, 2nd 
generation non-food biomass sources are being explored for biofuel production. 
 
 
 
 
 
Figure 4. Chemical structure of triglyceride  
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Table 1. Chemical structure of common fatty acids 
 
Fattycacidc Systematiccname Structure Formulae
Lauric Dodecanoic 12:0 C12H24O2
Myristic Tetradecanoic 14:0 C14H28O2
Palmitic Hexadecanoic 16:0 C16H32O2
Stearic Octadecanoic 18:0 C18H36O2
Arachidic Eicosanoic 20:0 C20H40O2
Behenic Docosanoic 22:0 C22H44O2
Lignoceric Tetracosanoic 24:0 C24H48O2
Oleic cis-9-Octadecenoic 18:1 C18H34O2
Linoleic cis-9,cis-12-Octadecadienoic 18:2 C18H32O2
Linolenic cis-9,cis-12,cis-15-Octadecatrienoic 18:3 C18H30O2
Erucic cis-13-Docosenoic 22:1 C22H42O2
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Table 2. Fatty acid composition of vegetable oils 
Vegetable oil  Fatty acid composition, wt.%  
14:0    16:0 18:0 20:0 22:0 24:0 18:1 22:1  18:2  18:3 
Corn (Maize Oil) 0  11 2  0 0  0  28  0  58 1
Cottonseed  0  28  1  0  0  0  13  0  58  0 
Crambe  0  2  1  2  1  1  19  59  9  7 
Linseed  0  5  2  0  0 0  20  0  18  55 
Peanut 0  11  2  1  2  1  48  0  32  1 
Rapeseed  0  3  1  0  0  0  64  0  22  8 
Safflower  0  9  2  0  0  0  12  0  78  0 
H.O. Safflower Trace  5  2  Trace 0  0  79  0  13  0 
Sesame  0  13  4  0  0  0  53  0  30  0 
Soy bean  0  12  3  0  0  0  23  0  55  6 
Sunflower 0  6  3  0  0  0  17  0  74  0 
     First-generation feedstocks are primarily cereal and oilseed food crops, such as corn (Zea mays 
L.) starch, sugarcane (Saccharum officinarum L.), soybean (Glycine max L.) oil, rapeseed (Brassica 
napus L.), etc. Vegetable oils are especially ideal candidates for the production of biodiesel and 
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biojet, because they are made up primarily of 90 to 98% triglycerides, which contain a glycerol 
group that has three fatty acid chains attached to it (Figure 4). Fatty acids in the triglyceride 
molecule vary in their carbon chain length and in the number of double bonds.  Table 147 shows the 
structures of common fatty acids. The fatty acids which are commonly found in vegetable oils are 
stearic, palmitic, oleic, linoleic and linolenic48. Tables 2 summarize the fatty acid composition of 
some vegetable oils49. The remainder (2~10%) of vegetable oils is made up of mono- and 
diglycerides, as well as free fatty acids (generally 1 to 5%), phospholipids, phosphatides, carotenes, 
tocopherols, sulfur compounds and traces of water. 
      Due to the large selection of normal plant oils that can be used to produce jet fuel products, the 
choice of feedstock may depend significantly on the grain growing patterns of the local region to 
reduce tariffs and transportation costs. For example, in the United States, because of the climate and 
soil conditions, soybean oil is produced in a higher quantity than many other plant oils48. This 
makes soybean oil the most logical choice of feedstock in this region. Shown below in Figure 5 is 
the soybean production from 2000 to 200950. 
      In order to meet growing biofuel demand without compromising valuable food, land and water 
resources, the development and use of second and even third generation feedstock like algal oils is 
necessary. There are several leading candidate energy crops for biofuel production, such as jatropha, 
halophytes, camelina and algae. For example, Jatropha is a drought tolerant, pest resistant, perennial 
shrub in the Euphorbiaceae family, native to Mexico and Central America, and also being 
naturalized in many tropical and subtropical areas, including India, Africa, and North America. 
There is up to 27-40% oil content in its seeds51. The seeds’ oil contents and physical–chemical 
properties of two genus of the Jatropha family, the Jatropha gossypiifolia (JG) and Jatropha curcas 
L. (JC), are presented in Table 352. The oil can be combusted directly as fuel without being refined, 
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and byproducts make suitable organic fertilizers and insecticides. Currently, the oil from Jatropha 
curcas seeds is used to make biodiesel in the Philippines and in Brazil, where it naturally grows. 
Moreover, jatropha oil is being proposed as an easily grown biofuel crop in many projects all over 
India and other developing countries 52 and yield-limiting asynchronous seed maturation53 . 
 
 
 
 
 
 
 
 
Figure 5. United States Soybean Production 
      Algae are another example of promising biomass feedstock. Algae are small biological factories 
that transform carbon dioxide and sunlight into energy through photosynthesis and grow their 
weight several times a day. The yield of algae can be up to 20 and 200 times more oil/acre than 
palm and soy, respectively. Algae are exceedingly high in oil content, with average lipid contents 
up to 90% of dry weight under ideal conditions 54.  
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Table 3. J. curcas L. (JC) and J. gossypiifolia (JG) seeds’ oil contents and physical–chemical 
properties of the oils 
Property  Jatropha  Jatropha  
 gossypiifolia (JG)  curcas L. (JC)  
Density at 15 oC (g/cm3)  0.8874  0.8826  
Kinematic viscosity at 40 oC (cSt)  3.889  4.016  
Water content (w/w %)  0.020  0.003  
Conradson carbon  0.3666  0.0223  
Pour point (oC)  -6  -5  
Flash point (oC)  133  117  
Cupper strip corrosion  1a  1a  
Ash content (w/w %)  Not detected  Not detected  
Calorific value (MJ/kg)  40.32  41.72  
      Algae oils are long-chain polyunsaturated fatty acids and differ from those of animal and 
vegetable sources.  The oils can be converted into biodiesel or jet fuel.  In 2009, Trimbur et al.55 
described a method for genetic modification of microalgae including Chlorella and similar 
microbes to provide organisms which have characteristics to facilitate the production of lipid 
suitable for conversion into renewable diesel, jet fuel, or other hydrocarbon compounds by fluid 
catalytic cracking (FCC) and hydrodeoxygenation (HDO) methods. The fuel from algae is called 
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algae fuel, also called algal fuel, oilgae56, algaeoleum or third-generation biofuel57.  However, there 
are no commercialized algae oils at present because of the low yield and high production cost.  The 
first commercialized microbial oils in 1985 was unsuccessful58, but infrastructure requirements and 
cost competitiveness remain largely prohibitive. 
2.3 Hydrotreating catalysts  
      Commercial catalysts for hydroprocessing are conventional Mo- or W-based sulfides promoted 
with Ni or Co supported on γ-Al2O3. Most of the patents published42, 43, 45, 55, 59, 60 related to biofuel 
production from biomass hydroprocessing use conventional sulfided metallic catalysts. Many 
hydroprocessing catalysts have been reported using amorphous mixed oxides-SiO2·Al2O3 as the 
supports because of its high acidity and low cost. However, the cracking activities of the amorphous 
oxide supported catalysts are much lower than those of the zeolite containing catalysts61.  Plant oils 
have been reportedly converted to fuels and chemicals over different zeolites62-64. It was reported64 
that the de-aluminated ultra stable Y (USY) zeolite gave the highest selectivity for kerosene and 
diesel-range hydrocarbons, which is also most successfully applied in industrial hydrocracking. The 
chemical formula of zeolite Y is 0.9±0.2NaO:( Al2O3):wSiO2:xH2O, where 3<w≤6 and 0≤x≤9. 
Typical NaY zeolite has a Si/Al molar ratio of 5.0 or greater. Commercially made NaY has a unit 
cell size of 24.65-24.70 Å, a surface area of >800 m2/g, and a crystallite size in the range of 0.5-3 
microns. The de-aluminated ultra stable Y was obtained by hydrothermally treating ammonium 
exchanged Y zeolite at about 600 °C in the presence of steam to reduce framework Al content65, 66.  
      Group VIB and VIII metals have been used in industrial hydroprocessing catalysts. Sulfided 
Ni/Mo and Ni/W combinations are the most commonly used base metal systems, which function 
well in the typical hydroprocessing reaction environment where high concentrations of H2S, NH3 
and H2O are generated from their organic precursors present in the feedstock. The concentration of 
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base metals in hydroprocessing catalysts varies from 1 to 6 wt-% for Ni and from 8 to 20 wt-% for 
W, which are needed to be maintained in their sulfided form in order to be active at process 
conditions, and therefore a small H2S co-feed is commonly added. However, for it is necessary to 
decrease the use sulfur, particularly because of environmental reasons, these catalysts are not 
desired. Further, the products from the above mentioned processes are mainly n-paraffins which 
solidifies at subzero temperatures. So, they are unsuitable for production of high quality diesel, 
kerosene and gasoline fuels26. Patent FI 10024867 describes a two-step process for producing middle 
distillate from vegetable oil by hydrotreating fatty acids or triglycerides in vegetable oils using 
commercial sulfur removal catalysts (NiMo and CoMo) to give n-paraffins and then by isomerizing 
above mentioned n-paraffins using metal containing molecule sieves or zeolites to obtain branched-
chain paraffins. The process was conducted at the reaction temperatures of 330-450 °C.  
      Noble metals can also be used in hydroprocessing catalysts and exhibit much higher metal 
activities than the sulfided base metal catalysts in a clean reaction environment although not being 
used so widely as the base metals68.  In Alafandi’s invention, it was found that the hydroprocessing 
catalysts, when combined with a catalyst promoter chosen from the group of the noble metals, 
palladium or platinum, results in a high catalyst activity. Miller69 invented a process for 
hyroprocessing free fatty acids derived from triglyceride-containing, biologically-derived oils to 
obtain biofuels over the hydroprocessing catalyst which is selected from the group consisting of 
cobalt-molybdenum (Co-Mo) catalyst, nickel-molybdenum (Ni-Mo) catalyst, noble metal catalyst, 
and combinations thereof. Hydroprocessing conditions generally include temperatures in the range 
350 °C-450 °C and pressure in the range of 4.8 MPa to 15.2 MPa. However, there is no direct 
application of noble metals for jet fuel production from vegetable oil or animal fat hydroprocessing. 
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      With more strict limitations on fuels, such as lower allowable limits for toxic elements such as 
sulfur and nitrogen, the application of metallic nitride and carbide catalysts for hydroprocessing has 
been attracting a lot of researchers’ attention. In the review by Furimsky27, many important topics 
about metallic carbide and nitride catalysts were addressed, such as catalysts structure, preparation 
techniques, hydrogen adsorption and catalyst activity and stability. It was emphasized in this review 
that the carbides and nitrides of Mo and W can absorb and activate hydrogen. The effects of particle 
size and surface area on the total amount of absorbed hydrogen differ from those observed for 
transition metal sulfides. For metal carbides and nitrides, the amount increases with increasing 
particle size and/or decreasing surface area as a result of the involvement of the sub-surface regions 
of the crystallites during hydrogen adsorption. The activity for hydrogenation, hydrodesulfurization 
and hydrodenitrogenation exhibits similar trends. These catalysts are stable under typical 
hydroprocessing conditions although a partial sulfidation of their surface during HDS cannot be 
avoided. The most common and most successful transition metal used in these catalysts was 
molybdenum. Tungsten also showed potential to be a good transition metal in metallic nitride and 
carbide catalysts, as did vanadium, iron and nickel when used in specific applications.  In 
Sulimma’s work70, six ɣ-Al2O3 supported metallic nitride and carbide catalysts (molybdenum (Mo) 
carbide and nitride, tungsten (W) carbide and nitride, and vanadium (V) nitride and carbide) were 
chosen for a screening test to produce a diesel fuel cetane enhancer from canola oil. It was found 
that the supported molybdenum nitride catalyst demonstrated superior performance when 
converting canola oil into a diesel fuel cetane enhancer as compared to five other supported metallic 
carbide and nitride catalysts. 
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2.4 Hydrotreating mechanism and kinetics 
      In a fixed bed hydrotreating process, the reactions take place in a three-phase system: the liquid 
feed trickles down over the solid catalyst in the presence of a hydrogen-rich gas phase. The reaction 
pathway includes the hydrogenation of the C=C bonds of the vegetable oils and then followed by 
oxygen removal to produce alkanes through three different pathways: decarbonylation, 
decarboxylation and hydrodeoxygenation. Then the straight chain alkanes undergo isomerization 
and cracking to produce lighter hydrocarbons (C5 to C16) with some degree of branching.  The 
major reactions in the process are given below71: 
 Olefin Saturation 
 Decarboxylation/Decarbonylation 
 
 
 
 
 Hydrodeoxygenation 
 
 
 Hydroisomerization 
 
 Hydrocracking 
 
RCOOH RH CO2+
Catalyst
RCOOH RH CO+
Catalyst
+ H2 + H2O
CO + H2O CO2 H2+
Catalyst
(1)
(2)
(3)
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      During the hydroprocessing, the cracking and hydrogenation reactions take place 
simultaneously on a dual function catalyst, in which the acid sites of the catalyst are necessary for 
isomerization and cracking activities while the metallic sites are required for hydrogenation and 
dehydrogenation reactions. Though the overall reaction of the hydrotreating of triglycerides was 
carried out as early as 1980s72, 73, the mechanism and kinetics of the process are still under 
investigation because of its complexity.   
      In 2009, Donnis et al.74 studied how the three carboxylic acids of triglycerides are stepwise 
liberated and hydrogenated into linear alkanes of the same length or one carbon atom shorter. In 
order to understand the reaction routes, the researchers used both model compound (methyl laurate) 
tests and real feed tests with mixtures of straight-run gas oil and rapeseed oil. Schematic 
representation of the two different mechanisms for the removal of triglyceride oxygen by 
hydrotreating is shown in Figure 6.  The mechanism showed by the unbroken red lines in Figure 6 
indicates the hydrogenation/hydrodeoxygenation (HDO) reaction, in which it was proposed that the 
oxygen was removed as a form of water. By the other mechanism exemplified by the blue lines, 
which is usually called decarboxylation or decarbonylation, the triglyceride is converted into 
propane, carbon dioxide and/or carbon monoxide and into an n-alkane one C-atom shorter than the 
total length of the fatty acid. 
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Figure 6. Schematic representation of the two different reaction pathways for the removal of 
triglyceride oxygen by hydrotreating74 
 
 
 
 
 
 
 
 
Figure 7. n-Alkane hydroconversion mechanism: n-alkane feed and hydroisomerization 
products (top) dehydrogenate into alkene intermediates (vertical , e.g., Pt catalyzed). 
Alkenes hydroisomerize in a chain of acid-catalyzed hydroisomerization reactions 
(horizontal ). With increasing degree of branching it is increasingly more likely that isomers 
crack (vertical→, acid catalyzed) and hydrogenate into a smaller alkanes (vertical , e.g., Pt 
catalyzed)75 
           After the thermal breakdown and oxygen removal of the triglyceride molecule, the heavy 
hydrocarbon compounds are then cracked into paraffins and olefins as a result of thermal and 
catalytic mechanisms. During the process, an n-alkane can be hydroisomerized with some degree of 
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branching, which can be described as illustrated in Figure 7 if only considering methyl group 
branches for simplification 
       
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Expected mechanism of the simultaneous catalytic cracking and hydrogenation 
reaction76 
     In order to investigate the overall reaction mechanism of the triglyceride hydroprocessing, 
Nasikin et al76 studied the palm oil hydrotreating process using a liquid phase batch reactor at 
atmospheric pressure with the presence of hydrogen gas over NiMo/zeolite catalyst. The expected 
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reaction mechanism above is illustrated in Figure 8. It can be seen that the triglyceride molecule 
was able to enter the zeolite catalyst pore first and then cracked because its longitudinal section 
diameter (around 5.3- 7.4°A) and chain length (around 30-45°A) was smaller than the catalyst pore 
(±0.56°A, diameter).  And then the metallic sites of the catalyst saturated the double bond in the 
nonene molecules that was removed from catalyst pore to form more stable molecules (nonane). 
     The kinetics of triglyceride hydroprocessing is poorly understood and general rate equations are 
not available because of the complicated reaction mechanism.  Only considering the two oxygen 
removal reactions during the hydroprocessing: hydrodecarboxylation (HDC) and 
hydrodeoxygenation (HDO), completed by water–gas-shift reaction and CO formation, Smejkal et 
al.77 presented a methodology of thermodynamic data estimation and predicted a thermodynamic 
model for vegetable oil hydrogenation over commercial hydrotreating and hydrogenation catalysts 
(Ni-Mo/Al2O3 and Ni/Al2O3, respectively).  Reaction enthalpy at temperature T can be 
recalculated as 
 
 
Where  is standard reaction enthalpy,   heat capacity, and  average heat capacity 
For entropy of the reaction system, a similar calculation is defined 
 
 
      The model predictions are in a good agreement with experimental data. Additionally, the 
estimations suggest that the reaction is limited by hydrogen transfer. 
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Figure 9. Schematic diagram of the reactor78 
      In 2005, Charusiri et al.78 investigated the kinetic model for the catalytic cracking of used 
vegetable oil to become liquid fuel over sulfated zirconia. The conversion was performed in a 70 
cm3 batch micro-reactor by varying the factors of temperature (over a range of 400-430 °C), 
reaction time (over a range of 30-90 min), and initial hydrogen pressure (over a range of 10-30 bar) 
over sulfated zirconia. A 2k factorial experimental design was used to investigate the parameters that 
affect the gasoline fractions. Figure 9 is the schematic diagram of the reactor. 
      The rate equation for the gray part of the reactor, depicted in Figure 11, was simplified as  
                                        (9) 
 
      If a first-order reaction is considered, the following is obtained after the integration: 
 
                                                                                                 (10) 
      If it is a second-order reaction, then the following is obtained: 
                                                  (11) 
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      Though some work in this area has been done as described above, the kinetic and mechanistic 
aspects need to be investigated further along with the role of the catalyst in determining the product 
selectivity. Additional information is needed to define the mechanisms and rate determining steps 
more precisely.    
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CHAPTER 3. PRODUCT ANALYSIS METHOD DEVELOPMENT 
3.1 Analysis of Sterol Glycosides in Biodiesel and Biodiesel Precipitates* 
3.1.1 Introduction 
      Biodiesel is attractive as an alternative fuel mainly because it is renewable, biodegradable and 
environmentally friendly, and also can be manufactured from common feedstocks, such as 
vegetable oils and animal fats.  Biodiesel is produced by the transesterification of fats and oils with 
an alcohol using a base catalyst. The properties of biodiesel are affected by the by-products of the 
transesterification reaction, such as water, free and bonded glycerides, free fatty acids, catalyst, 
residual alcohol, and unsaponifiable matter (plant sterols, tocopherols and hydrocarbons)..  
      Sterols are some of the most common minor components distributed in animal fats and 
vegetable oils and are found in many forms, such as free sterols, acylated (sterol esters), alkylated 
(sterol alkyl ethers), sulfated (sterol sulfate), or linked to a glycoside moiety (sterol glycosides) 
which can be itself acylated (acylated sterol glycosides) 79-81. Among the several common sterols, 
sterol glycosides have been found to be a major component of biodiesel precipitates 82-84 . In plant 
tissues and in vegetable oils, sterol glycosides occur naturally as both sterol glycosides (SG) and 
acylated  sterol glycosides (ASG). During the transesterification process, acylated sterol glycosides 
can be converted into sterol glycosides due to the alkaline catalysts. Therefore, the SG 
concentration in biodiesel is normally higher than that in the feedstock oils. The polar SG in 
biodiesel may change the crystallization onset temperature and cause the formation of cloud-like 
                                                            
*“This work was published in Journal of the American Oil Chemists Society, 87 (2):215‐221. (2009)  
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agglomerates of various sizes composed of discrete 10 to 15 micron particles even at room 
temperature and at relatively low levels (35 parts per million or higher) 85.  
      Gas chromatography (GC) has been broadly applied to identify and quantify minor components 
in biodiesel due to its relatively high sensitivity and accuracy. Gas chromatography (GC) with 
flame ionization detection (FID) is a test method standardized by ASTM D6584 to determine the 
free and total glyceride contents in biodiesel, through which the amount of free and total glyceride 
in the range of 0.005 to 0.05 mass % and 0.05 to 0.5 mass % can be detected, respectively. A 
detailed test procedure according to ASTM D 6584 with GC-FID was reported by Ruppel et al. 86. 
Recently, a GC method for the quantitative evaluation of sterol glucoside (SG) concentrations in 
biodiesel precipitates was presented by Bondioli et al82. However, the GC method has certain 
disadvantages in biodiesel analysis. First of all, due to low volatilities, most of the samples must be 
derivitized by silylating reagents such as N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) or 
N,O-bis (trimethylsilyl)trifluoroacetamide (BSTFA) before the analysis. Secondly, different 
internal standards are required for different feedstocks in the quantification analysis when applied to 
biodiesel analysis. Last, but not least, the accuracy of GC analyses is susceptible to many factors 
such as baseline drift, overlapping signals, and auto-oxidation of standards and   samples. 
       As an alternative to GC, high performance liquid chromatographic (HPLC) methods have been 
developed for analyzing transesterification reaction mixtures 87-90 because of advantages such as no 
derivatization of samples, shorter analysis times, and direct applicability to most biodiesel fuels and 
all neutral lipid classes. The early literature related to biodiesel analysis with HPLC 88 used an 
isocratic solvent system (chloroform with an ethanol content of 0.6%) on a cyano-modified silica 
column coupled to two GPC columns with density detection to detect mono-, di- and tri- glycerides 
as well as methyl esters. The method can be used for monitoring conversion degree of the 
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transesterification reaction. A recent paper 91 proposed a binary gradient method using non-aqueous 
reverse phase HPLC with a UV detector to analyze the monoglycerides (MGs), fatty acid methyl 
esters (FAMEs), diglycerides (DGs) and triglycerides (TGs) in biodiesel mixtures. There are also 
several other publications92-94 which describe the application of HPLC in the monitoring of 
biodiesel products and production process. Qualitative and quantitative analysis with these HPLC 
methods were provided without saponification and off-line pre-separation.  
      Though HPLC has many advantages over GC, the analysis of sterols in biodiesel by HPLC is 
still problematic because sterols such as cholesterol and related compounds cannot be separated 
very well from fatty acid methyl esters95. Also because of the relatively low concentrations in 
biodiesel and relatively low response of SG with HPLC compared to GC techniques, it is a great 
challenge to directly detect the SG content in biodiesel by HPLC without precipitation and 
extraction. In 2007, Ringwald96 collected the biodiesel residue from fuel filters and analyzed it by a 
LC method with a silica column and an ELSD detector. The isolation of SG from the residue was 
done by solid phase extraction (SPE) prior to the analysis. More recently, SG content has been 
reported to be separated from various commercial biodiesel precipitates by HPLC coupled with 
different detectors 84. After precipitation from the turbid liquids, no further purification process was 
performed before the normal-phase or reversed-phase HPLC. Calibration curves were reported for 
both ELSD and UV detectors. However, there were no further attempts to recover SG from 
biodiesel and determine the detection limit of SG in liquid biodiesel by these methods. In summary, 
all previous studies have shown that the analysis of this class of compounds in biodiesel directly by 
HPLC is not as successful as for biodiesel precipitates.  
       The main objective of this work is to apply reversed phase HPLC-ELSD for the identification 
and quantification of sterol glycosides in biodiesel.  Compared with previous HPLC methods, there 
28 
 
 
are two major improvements with this new study. Firstly, a high carbon load C18 column, an 
alternative to normal C18, which has a higher sample load capacity, is used. With the higher sample 
load capacity, biodiesel with low SG concentration could be injected in larger amounts and without 
further separation. Furthermore, the high carbon load makes the column more nonpolar and, 
therefore, the most retentive of the reversed phases, providing good resolution of non-polar and 
polar compounds and allowing for higher organic solvent in the mobile phase which contributes to 
greater sensitivity in the LC-MS application.  The second improvement of this study is to quantify 
the SG content in biodiesel with an HPLC-ELSD method after a simple centrifugation process.  
FTIR was also used to analyze the similarities and differences among SG, SBO B100, and SBO 
B100 precipitates before the HPLC analysis.  
3.1.2 Materials 
      Soy oil based biodiesel (B100) was obtained from Wacker Oil Co. (Manchester, MI). The 
biodiesel precipitates was contributed by REG (Renewable Energy Group Inc., Ames, IA). The 
sterol glycosides standard (98+%) was acquired from Matreya (Pleasant Gap, PA). HPLC-grade 
methanol and methylene chloride were purchased from Fisher Scientific (Pittsburgh, NJ). The sterol 
glycoside standard and all of the biodiesel precipitates were dissolved in MeOH/CH2Cl2 (1:2, v/v). 
The precipitates were purified with various solvents by REG (Renewable Energy Group Inc., Ames, 
IA) and verified to be clean by FTIR in the ester and soap region before being sent to our lab. In 
order to obtain a higher concentration of SG in the oil, 3g of the B100 was centrifuged in a 5-mL 
centrifuge tube at 5000g and ambient temperature for 15 min using an Eppendorf Centrifuge 5804 
R with a fixed-angle Rotor A-4-44 (Eppendorf North America, Inc., Westbury, NY). After 
centrifugation, the clear oil sample became turbid because the SG precipitated out. All of the 
solutions were filtered through the Whatman filter with 125mm diameter and the stock solutions 
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were stored in a refrigerator at 4oC. Before use, standard working solutions were prepared by 
diluting appropriate amounts of the stock solution in MeOH/ CH2Cl2 (1:2, v/v). 
3.1.3HPLC conditions 
 
 
 
 
 
 
 
 
Figure 10. HPLC separation of methyl stearate and SG under two gradient conditions: (a) 
First gradient condition; (b) Second gradient condition 
      The HPLC analysis was conducted using a PerkinElmer Series 200 with an Altech 3300 
Evaporative Light Scattering Detector (ELSD) and a high carbon load reversed phase column—
Altech C18-HL (250×4.6mm i.d., 5µm) with guard column (7.5×4.6mm i.d., 5µm) as the stationary 
phase. Mobile phase solvents were methylene chloride (Phase A) and methanol (Phase B). The 
samples were analyzed with a gradient of CH2Cl2/MeOH at a flow rate of 1mL/min. The column 
temperature was set to 25 oC and the injection volume was 20μL. Two gradient conditions were 
evaluated for the analysis. After 15min equilibrium at 0% (A):100% (B), the first gradient condition 
C18:0 
SG 
C18:0 
SG 
(a) (b) 
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was: 0% (A):100% (B) maintained for 10 min and then 0% (A):100% (B) to 50% (A):50% (B) in 
10 min; in the following 4 min, 50% (A):50% (B) to 75% (A): 25% (B), and back to 100% (B)  
within 1 min, then the run was finished. With However, with this method, the separation of methyl 
stearate (C18:0) and SG was not satisfactory as shown in Fig 10 (a).  Thus, the HPLC condition was 
optimized to the gradient condition illustrated in Table 4. With this HPLC method, good separation 
of methyl stearate (C18:0) and SG was obtained (Figure 10 (b)). 
Table 4. Gradient Condition of the HPLC method 
3.1.4 Results and discussion 
FTIR spectra 
      Figure 11 shows FTIR spectra obtained from the sterol glycosides (SG) standard, SBO B100, 
and SBO B100 precipitates. The typical C=O stretching band of the methyl ester usually appears at 
1750±50 cm-1.  Both SBO B100 and PBO B100 (palm oil based biodiesel) show a strong peak in 
this range.    An -O-H stretching band around 3400 cm-1 in the spectrum of the SBO B100 
precipitates indicates the presence of hydroperoxyl and hydroxyl groups. The spectrum of the sterol 
Step Time (min) Flow rate (mL/min) A% B% 
Equilibrium 15 1 0 100 
1 5 0.5 15 85 
2 17 1 25 75 
3 5 1 50 50 
4 3 1 70 30 
5 5 1 70 30 
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glycosides standard in Figure 11 shows the similar -O-H stretching band and fingerprint area as that 
of the SBO B100 precipitates. In the spectra of both SG standard and SBO B100 precipitates, the 
strongest peak in the area of 1300~1000 cm-1 is due to the C-O moiety. Also finger print areas and 
the strong absorptions of the two spectra caused by CH3 and CH2 vibrations are similar.  Therefore, 
from the IR spectra, it can be concluded that the major component of the precipitates from REG is 
SG, which is consistent with the HPLC results discussed later.  
 
 
 
 
 
 
 
 
 
 
Figure 11. FTIR spectra of sterol glycosides (SG) standard, SBO B100 and SBO B100 
precipitate 
 
SBO B100 
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HPLC calibration and analysis 
       
 
 
 
 
Figure 12. HPLC chromatogram of sterol glycosides standards with concentrations of 0.1, 
0.04, 0.025 and 0.01 mg/ml 
     The retention time of SG was 14.6 min with the second gradient method. The lowest 
concentration of detection for SG standard was about 0.005 mg/mL. Therefore, standard solutions 
of sterol glycosides with concentrations ranging from 0.005 to 0.1 mg/mL were prepared for 
calibration. Figure 12 depicts the chromatograms of sterol glycoside standards with four 
concentrations including 0.1, 0.04, 0.025 and 0.01 mg/mL. With careful examination of the 
chromatograms, there are three peaks (of which 2 co-eluted as a peak with a shoulder and a third 
one was clearly separated) of SG can be observed in Figure 12. The peaks can be attributed to three 
steryl glycosides, namely campesteryl 3-ß-d-glucopyranoside, stigmasteryl 3-ß-d-glucopyranoside 
and sitosteryl 3-ß-d-glucopyranoside97.  It can be seen that with decreasing concentration, the first 
two peaks decreased and almost disappeared at the low concentration of 0.01 mg/mL. In order to 
calculate the amount of SG in very low concentrations for which there was no detectable first peak, 
the calibration was based on the area of the third peak. Figure 13 shows the calibration curve of the 
SG based on HPLC.  Because of the nonlinear concentration response of the ELSD detector98, the 
0.1 mg/ml 
0.04 mg/ml 
0.025 mg/ml  0.01 mg/ml 
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parameters of the calibration curves were obtained by fitting the experimental data points to a cubic 
polynomial, resulting in the fit equation: xE+ + xE+ - xE+y= 072081092 23 ,  where y is the peak 
area (mV·min) and x  represents the analyte concentration (mg/mL). 
Table 5. Accuracy validation of the HPLC analytic method for SG in biodiesel. The recoveries 
range from 75% to 99% 
 
 
 
 
 
 
 
Figure 13. The calibration curve of the SG 
Sample SG Concentration (mg/mL in SG Concentration (w%  in Recovery 
1 0.003 0.05 75 
2 0.006 0.1 78 
3 0.01 0.2 82 
4 0.02 0.4 88 
5 0.03 0.55 93 
6 0.04 1.01 99 
y = 2E+09x3 - 1E+08x2 + 2E+07x
R2 = 0.9948
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For accuracy validation, the SG solution (0.10 mg/ml) was mixed with B100 (5.95 mg/mL) at 
different ratios to obtain solutions of known concentration as listed in Table 5. The recoveries are 
shown in the table, range from 75% to 99%. With the decreasing SG concentration, the recovery 
decreases. Figure14 depicts the chromatogram of the sample with 1.01% SG in B100. 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. HPLC chromatograms of the sample with 1.01% SG in B100 
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Figure 15. HPLC chromatogram of the biodiesel precipitates 
 
 
 
 
 
 
 
 
 
 
Figure 16. HPLC chromatogram of B100 before and after centrifuge 
t (min)
mV 
C18:0 
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      In the subsequent analysis, sterol glycosides in B100 and the precipitates were determined. 
Figure 15 shows the chromatogram of the biodiesel precipitates. Using this method the levels of SG 
in this precipitate sample were estimated to be 91.1% (w/w), SD=0.01. Figure 16 shows the 
chromatogram of B100 before and after centrifugation. However, no SG peak was detected in the 
Wacker B100 sample before centrifugation because of the low SG concentration. In order to obtain 
a higher concentration of SG in B100, the sample was concentrated by centrifugation and white SG 
particles precipitated out.  Then the bottom part (around five volume percentage) of the 
concentrated sample was taken and stirred to form a turbid phase. It can be seen from Figure 16 that 
a small but obvious SG peak appears right before C18:0 in the turbid B100 sample which has 
concentrated SG composition. In the turbid sample, sterol glycosides were identified with an 
average weight concentration of 592 ppm. Because the turbid phase is roughly five volume percent 
of the original sample, it can be estimated that the SG concentration in the original Wacker B100 
sample was about 30 ppm. Distilled soy oil based B100 was also analyzed with and without 
addition of SG to verify the SG position in the biodiesel chromatogram.  
3.1.5 Conclusion 
      In this paper we have presented a study on the direct determination of the level of sterol 
glycosides in biodiesel by reversed phase HPLC with an Evaporative Light Scattering Detector 
(ELSD). The method allows the detection of concentration levels of sterol glycosides down to 
around 0.01 mg/mL in the solvent. Analysis of B100 with concentrated sterol glycosides showed 
that sterol glycosides could be separated from methyl ester peaks and quantified without separation 
when the amount is above the level of the detection limit. The HPLC method offers the advantage 
that it is a rapid method that can analyze sterol glycosides in biodiesel just after a simple 
centrifugation process. From the weight or volume percentage of the concentrated part, the SG 
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concentration in the original sample can be calculated from the one in the concentrated sample. The 
limitation of this method is that it is only applicable for SG concentrations in biodiesel which are 
higher than or equal to 30 ppm, not below this value. The centrifugation step can be studied more 
rigorously in order to meet the analysis requirement of lower amount of SG in samples of biodiesel. 
3.2. Total Acid Number Determination of Biodiesel and Biodiesel Blends* 
3.2.1	Introduction	
      Biodiesel, defined as mono-alkyl (methyl or ethyl) esters produced from plant oils and animal 
fats99 by transesterification reactions, plays a very important role as an alternative to conventional 
petroleum diesel. Transesterification, also called alcoholysis 48, has been widely used to reduce the 
viscosity of triglycerides and produce biodiesel. However, the relatively simple production process 
does not ensure high quality biodiesel. Small amounts of reactants and by-products during the 
transesterification reaction, including water, free glycerin, bonded glycerin, free fatty acids (FFAs), 
catalyst, residual alcohol, unsaponifiable matter (plant sterols, tocopherols and hydrocarbons), and 
soaps100 may contaminate the final product. These minor components may cause severe operational 
problems, such as engine deposits, filter clogging, or fuel deterioration. Therefore, many American 
Society for Testing and Materials (ASTM) standards are in place to restrict the amount of most 
minor components that can affect biodiesel quality. One of the most important ASTM standards for 
biodiesel quality is ASTM D664, which is the reference method for the total acid number (TAN) 101. 
The TAN, mainly an indication of degree of oxidation and hydrolysis, is expressed as the mass of 
                                                            
* This work is published in Journal of the American Oil Chemists Society, 85 (11):1083‐1086. (2008) 
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potassium hydroxide (KOH) in milligrams that is required to neutralize the acids in one gram of 
sample101. And it is a facile method for monitoring fuel quality 102. The maximum TAN value of 
biodiesel specified in ASTM D6751 [1] is 0.50 mg KOH/g. The free fatty acids are the major 
causes of the high TANs in biodiesel. Biodiesel with a low TAN is considered “safe” for storage 
and transportation, whereas those with TANs above the ASTM specification may not only result in 
the severe operational problems mentioned above, but also can cause corrosion during storage.   
      ASTM D664 is a widely used method for the TAN assessment not only because of its good 
repeatability, but also the advantages of being valid for deeply colored samples, and measuring both 
the strong acid number and the total acid number.  For example, ASTM D 664 was employed to 
determine the TANs of deeply colored heavy oils and bitumens by Fuhr et al 103. However, there 
are still many problems related to this method, such as toxic aqueous calibration fluids (Toluene/2-
Propanol), mediocre reproducibility, non-specified accuracy, and ester hydrolysis in the aqueous 
solution.  In Fuhr et al’s work103, the reproducibility of ASTM D664 was improved from 21.3% to 
3% without changing the basic procedures. Modifications to the toxic aqueous calibration fluids 
used in this method104 were reported in 2004, which adopted the commercialized calibration fluids 
without compromising the repeatability and reproducibility of ASTM D664. Researchers in 
Canada105 recommend ASTM D974 for TAN determination of biodiesel instead of ASTM D664, 
because it displayed better reproducibility in their three labs’ results. The accuracy of ASTM D974 
was evaluated in the study, but that of ASTM 664 was not tested for comparison. However, it was 
reported that the potentiometric method was more reliable compared with the color titrations106. 
There were also other studies 107-111 related to the acidity or basicity measurement of oil. However, 
the detection limit of ASTM D664 remains debatable. In our work, the accuracy of ASTM D664 in 
biodiesel and biodiesel blends was evaluated. 
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      Biodiesel is commonly sold in blends with ultra-low sulfur diesel (ULSD), of which B20 is one 
blend used for commercial applications. ASTM D664 is commonly used for the TAN determination 
of B20 though there is no specific standard for biodiesel blends. The current standard for pure 
biodiesel is set at 0.50 mg KOH/g.  A limit of 0.3 mg KOH/g is proposed for B20 by the biodiesel 
industry. However, engine manufacturers and fuel delivery companies believe that this limit may 
not be sufficient to protect biodiesel storage and application systems. Since the lower the TAN, the 
higher quality of the oil, it would be desirable if the acid number could be accurately measured 
down to 0.15 mg KOH/g in B20 with this method. However, ASTM D664 gives no information on 
accuracy for petrodiesel, which was believed to be caused by the uncertainty of the acid species that 
can be identified as contributing to the acid number of petrodiesel 105. The lower determination limit 
of ASTM D664 was presumably 0.3 mg KOH/g in biodiesel. In order to investigate the limit, the 
accuracy of ASTM D664 at various acid levels was evaluated by varying the amount of free fatty 
acids in biodiesel and B20. 
3.2.2	Materials	
      Soybean oil based biodiesel (B100) was obtained from Wacker Oil Co. (Wacker Oil Co., MI). 
Certification #2 ultra low sulfur diesel (ULSD) was obtained from Haltermann Products 
(Channelview, Texas). B20 was prepared by mixing B100 and ULSD at a volume ratio of 1:4. 
Palmitic acid (99%) was obtained from Nu-Chek Prep (Elysian, MN). The chemicals used to 
prepare the TAN titration solvent, 2-propanol (ACS), and toluene (ACS) were purchased from 
Mallinckrodt Baker (Phillipsburg, NJ). The titrant solution used, 0.1N KOH in isopropanol, was 
supplied by LabChem (Pittsburgh, PA).  
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3.2.3 Method  
      The titration solvent was prepared as detailed in ASTM 664 101.   Blends of B100 and ULSD 
were prepared to obtain weight percentages ranging from 0 to 90% biodiesel. Palmitic acid was 
added to solutions of B20 and B100 in order to obtain a range of known acid levels ranging from 
0.30 to 0.53.  TAN was determined for each mixture using the Titrado 809 instrument from 
Brinkmann (Westbury, NY). Experimental procedures were according to ASTM D664. Each 
sample was titrated in triplicate. After each titration, the electrode was rinsed with toluene first and 
then carefully dried with a toluene wetted tissue. The electrode was then immersed in distilled water 
for at least ten minutes. Before each titration, the electrode was taken out of water and gently dried 
with a tissue.  
3.2.4	Results	and	Discussion	
      According to the repeatability definition in ASTM D664, only one out of twenty cases for the 
difference between two successive results by the method should exceed the following values with 
the same apparatus under constant operating conditions and on identical test samples 101: 
                  )(X. 10440OilsFresh                                               (12) 
         Used Oils Buffer end point 0.117X                                    (13) 
Where X= the average of the two test results 
      Here, the repeatability values were calculated with the following formula106: 
  2.77Repeatibility 100%
Experimental Mean
SD                                   (14) 
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Where SD is the standard deviation 
      The errors in this paper were calculated with the following formula: 
Experimental Mean-Calculated TANError 100%
Calculated TAN
                       (15) 
Where the calculated TAN was based on the sum of the original TAN and the amount of the free 
fatty acid added to the oil.        
Table 6. Experimental means and calculated TANs of B100 & ULSD Mixtures with ASTM 
D664 (Unit: mg KOH/g) 
V% B100 Exp.  Results Mean Cal. SD Repeatability Err. 
100.00 0.262, 0.242, 0.236 0.247 --- 0.013 15.28% --- 
88.48 0.197, 0.212, 0.208 0.206 0.222 0.008 10.46% -7.21% 
78.12 0.182, 0.183, 0.190 0.185 0.199 0.004 6.53% -7.01% 
67.87 0.167, 0.150, 0.167 0.161 0.177 0.010 16.85% -8.67% 
58.73 0.130, 0.151, 0.134 0.138 0.155 0.011 22.33% -10.90% 
48.69 0.118, 0.111, 0.113 0.114 0.132 0.004 8.76% -13.76% 
38.75 0.095, 0.089, 0.108 0.097 0.109 0.010 27.64% -10.66% 
29.89 0.079, 0.078, 0.076 0.078 0.087 0.002 5.45% -11.12% 
19.17 0.057, 0.057, 0.062 0.059 0.064 0.003 13.63% -8.25% 
10.50 0.050, 0.047, 0.062 0.051 0.042 0.005 24.89% 22.51% 
0.00 0.016, 0.018, 0.018 0.017 --- 0.001 18.45% --- 
    The first experiment was done by mixing B100 and ultra-low sulfur diesel (ULSD) to adjust the 
TAN values of the biodiesel blends. The results are shown in Table 6. According to the literature104, 
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the acceptable repeatability was set as 12% of the mean value.  But in this experiment, almost half 
of the repeatability results are out of this range. The accuracies are very poor. The largest error is up 
to 23%. After further investigation, it was found that this poor reproducibility was caused by the 
dehydration of the electrode.  
Table 7. Experimental means and calculated TANs of the B20 samples with ASTM D664  
(Unit: mg KOH/g) 
Samples 
Composition 
(W%) 
Exp.  Results Mean 
Cal. 
TAN 
SD Repeatability Err. 
B20-1   B20-2 
B20-1 100 0 0.083, 0.083, 0.084 0.083 ---  0.0006 1.92% --- 
B20-2 0 100 0.383, 0.383, 0.385 0.383 --- 0.0015 1.10% --- 
Mixture 1 90.06  9.94  0.120, 0.124, 0.124 0.123 0.118 0.0023 5.21% 4.13% 
Mixture 2 79.98  20.02  0.154, 0.153, 0.158 0.155 0.153 0.0026 4.73% 1.25% 
Mixture 3 70.30  29.70  0.187, 0.185, 0.186 0.186 0.187 0.001 1.49% -0.52% 
Mixture 4 59.58  40.42  0.220, 0.224, 0.224 0.223 0.224 0.0023 2.87% -0.80% 
Mixture 5 50.00  50.00  0.230, 0.229, 0.229 0.229 0.232 0.0006 0.70% -1.36% 
Mixture 6 39.78  60.22  0.263, 0.262, 0.263 0.263 0.263 0.0006 0.61% 0.00% 
Mixture 7 30.00  70.00  0.305, 0.300, 0.298 0.301 0.292 0.0036 3.32% 2.98% 
Mixture 8 16.85  83.15  0.336, 0.331, 0.330 0.332 0.332 0.0032 2.68% 0.00% 
     ASTM D664 suggests that after each test, the electrode should be cleaned with organic solvent 
first, soaked in water at least five minutes, and then rinsed with organic solvent immediately before 
use. Usually intensive cleaning of the electrode with organic solvent is needed for the high viscous 
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oil samples. However, large amount of the organic solvent makes the electrode dehydrated and 
decreases the sensitivity of the electrode, which causes poor accuracy of the TAN determinations. 
Based our findings, five minutes are too short for the recovery of the electrode during the biodiesel 
sample tests with ASTM D664. Cleaning with organic solvent before use also increases the 
likelihood of dehydrating the electrode.  
      So, in order to minimize measurement errors attributed to the electrode dehydration during the 
application, the electrode should be soaked in water at least ten minutes and then dried gently with a 
tissue before use. The electrode after measuring biodiesel samples needs to be cleaned more 
thoroughly than after measuring ULSD samples (i.e. repeated rinse with organic solvent, followed 
by a long soaking time in water).      
      With these modifications, we carried out the TAN determination for the B20 and B100 samples. 
The results are shown in Tables 7 and 8. B20-1 and B100-1 in Tables 7 and 8 are the original 
samples without adding palmitic acid. B20-2 and B100-2 are the samples with calculated amount of 
pamitic acid added into the original ones to obtain the target TANs. Mixtures 1-8 and mixtures 1-5 
in Tables 7 and 8 were obtained by mixing B20-1 and B20-2 or B100-1 and B100-2 at different 
ratios to produce different TAN samples. From Table 7, it can be seen that the lowest repeatability 
is 0.70% compared with 5.45% in Table 1 whereas the highest is 5.21% compared with 24.89% in 
Table 6. The overall repeatability in Table 3 is a little higher than those in Table 7. Possible cause 
of the variability may be hydrolysis of methyl esters in B100 in the aqueous TAN solvents.  From 
Table 7, one can see that the experimental errors of all eight B20 mixture samples range from 
0.00% to 4.13%. The absolute experimental errors of all five B100 mixture samples in Table 8 
range from 0.00% to 1.14%. The results illustrated in Tables 7 and 8 show good accuracies for 
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ASTM D664 when applied to both B20 and B100 samples. For B20, ASTM D664 can measure 
TAN values even at a level as low as 0.123 with small error (4.13%). 
Table 8. Experimental means and calculated TANs of the B100 samples with ASTM D664 
(Unit: mg KOH/g) 
  
      For B100, TAN around 0.3 was measured with the best accuracy. This observation is important 
because it demonstrates that TAN standards can be set for biodiesel mixtures that reflect the B100 
TAN standard.  
      Application of ASTM D664 to B20 to measure the TAN value even down to 0.123 mg KOH/g 
was tested with good accuracy, which demonstrates that a lower TAN specification for B20 is 
Samples 
Composition 
(W%) Exp.  Results Mean Cal. SD Repeatability Err. 
B100-1  B100-2 
B100-1 100 0 0.205, 0.201, 0.203 0.203 --- 0.002 2.73% --- 
B100-2 0 100 0.526, 0.533, 0.524 0.528 --- 0.0047 2.48% --- 
Mixture 1 20.12  79.88  0.462, 0.451, 0.459 0.457 0.463 0.0057 3.44% -1.14% 
Mixture 2 42.29  57.71  0.382, 0.390, 0.408 0.393 0.391 0.0133 9.38% 0.71% 
Mixture 3 50.18  49.82  0.377, 0.375, 0.365 0.372 0.365 0.0064 4.78% 2.03% 
Mixture 4 70.68  29.32  0.299, 0.296, 0.298 0.298 0.298 0.0015 1.42% 0.00% 
Mixture 5 85.93  14.07  0.252, 0.253, 0.249 0.251 0.249 0.0021 2.29% 1.05% 
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possible. Since the electrode is a critical factor affecting the accuracy and reproducibility of ASTM 
D664, it is recommended to put different guidelines on the electrode use, storage and maintenance 
procedures with different fuel samples. 
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CHAPTER 4.  JET FUEL HYDROCARBONS PRODUCTION FROM CATALYTIC 
CRACKING AND HYDROCRACKING OF SOYBEAN OIL*  
4.1 Introduction 
      In recent years, many researchers have investigated the production of biofuels from biomass to 
replace commercial petroleum products. These sources, which include plant oils and animal fats, 
have many desirable properties such as low levels of sulfur, nitrogen and heavy metals. Generally 
composed of triglycerides with fatty acid chains of 16 to 24 carbon atoms in length, they are ideal 
for the production of synthetic fuels and biochemicals1.    
      At present, one of the most successful classes of biofuels from oils and fats is biodiesel, which 
is produced by a homogeneous liquid-phase catalyzed transesterification process at low temperature 
or a heterogeneous catalyzed process at slightly higher temperatures. However, biodiesel cannot 
meet the requirements of an aviation turbine fuel due to its poor cold flow properties.  For example, 
canola methyl ester (“CME”) and soy methyl ester (“SME”) biodiesel have typical cloud points of 
1.0 °C and 3.0 °C, respectively; and pour points of -9.0 °C and -3.0 °C, respectively 112. But, 
according to aviation fuel specifications 113, 114, aviation turbine fuel should be completely resistant 
to the formation of solid particles at temperatures as low as −47 °C.  
      Jet fuel is an aviation fuel designed for use in aircraft powered by gas-turbine engines. Typical 
jet fuel is called narrow-cut or kerosene-type (C8-C16) jet composed of paraffins (70-85%), 
aromatics (<25%), olefins (<5%), and other contaminates such as sulfur, nitrogen and oxygenates. 
Recently, an alternative method of converting plant oils and animal fats into jet fuel products, using 
                                                            
* This work was accepted for being published in Current Catalysis, xxx (2012) xxx–xxx. 
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a hydrotreating process similar to what is found in the oil and gas refining industry, has been 
reported.  This process avoids bed plugging due to tar and coke formation using the method of 
catalytic cracking over zeolite catalysts. A patent by Seames 43 has shown that by hydrotreating 
plant oils to produce jet fuel, a product with a cloud point of less than -30 °C can be obtained. The 
research by Bezergianni 115 has shown that vegetable oil hydrocracking of a vacuum gas oil and 
vegetable oil mixture at a ratio of 70/30 (v/v) over a standard commercial sulfide hydrocracking 
catalyst can yield up to 16% kerosene jet and 50% diesel fuel hydrocarbons at 1000 - 2000 psi and 
350 - 390 oC.  Catalytic hydrocracking of fresh and used cooking oil were also carried out over 
commercial sulfide hydrocracking catalysts at 350 - 390 oC 116 yielding roughly 17% kerosene jet at 
390 oC and 2000 psi with a very high H2/oil ratio (1069 Nm3/m3).  
      Several patents have focused on the production of jet fuel from biomass hydroprocessing using 
supported sulfided bimetals as catalysts. Ginosar 42 invented a process for the production of jet fuels, 
for example, JP-8, from plant seed oils using a combined hydrocracking and reforming process by 
using sulfided NiMo catalyst supported on alumina as the hydrocracking catalyst.  The same type of 
catalyst was also used in Abhari’s work 45.  Using these processes, claims of achieving good quality 
jet fuels with 89% energy efficiency and 72% mass efficiency have been made. Also several 
catalytic systems and reaction units, such as hydrotreating, hydrocracking and hydroisomerization, 
have been utilized at a high pressure (2000 psi or above) during the process.   
      Compared to hydrotreating, catalytic cracking is one of the most efficient methods to produce 
hydrocarbon fuels by cracking of vegetable oil in the presence of suitable catalyst. Although 
catalytic cracking is regarded as a cheaper route by requiring no hydrogen and using atmospheric 
pressure, poor yields and quality of hydrocarbons and high yields of coke (8–25%) and/or 
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condensation of oil molecules are the major issues of the process117. It has been reported that 
kerosene jet fuels can be obtained from catalytic cracking of palm oils over various types of zeolite 
catalysts such as ZSM-5, zeolite β, ultrastable Y (USY) zeolite, rare earth-Y (REY) zeolite, MCM-
41 and SBA-15 mesoporous materials at a temperature range of 300-500 °C 64, 118-121.  Various 
products, including light gases, organic liquid products, water, coke and tar were produced from 
this process. Organic liquid products were composed of gasoline, kerosene jet, and diesel boiling 
range hydrocarbons whereas the gaseous fraction contained both paraffinic and olefinic 
hydrocarbons. The yield of kerosene jet hydrocarbons depends on the choice of the shape selective 
zeolite catalysts which control the product distribution in the process 122.  It has been reported that 
ZSM-5 had the highest activity for producing biofuels from palm oil64. 
      In order to find a feasible process to produce a drop-in jet fuel from plant oils and animal fats by 
developing new hydrocracking catalyst and comparing the catalytic cracking method to 
hydrocracking process, jet fuel hydrocarbons production from both hydrocracking over a developed 
bifunctional Ru/ZSM-5 catalyst and catalytic cracking of soybean oil over commercialized ZSM-5 
and were investigated. Fresh catalysts were loaded for each experimental condition. ZSM-5 zeolites 
were purchased from Zeolyst International (Kansas City, KS). And ruthenium supported on ZSM-5 
was prepared by an impregnation method and tested for activity in a high-pressure flow reactor 
system using soybean oil and hydrogen gas as the reactants.  
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4.2 Experimental Section 
4.2.1 Catalyst Preparation 
      A known quantity of Ruthenium–Ruthenium (III) chloride hydrate (Sigma-Aldrich, St. Louis, 
MO) was dissolved in a volume of water equal to the total pore volume of the catalyst support. This 
solution was then immediately poured over the prepared catalyst support evenly and agitated 
slightly to ensure that the entire pore volume of the catalyst was impregnated. Following this, the 
impregnated catalyst support was placed in a 50 °C oven for 12 hours, and then dried in a 
programmable high-temperature oven for 12 hours at 120 °C. As a final preparation step, the 
catalyst was calcined at 400 °C for 6 hours.  
      Commercial ZSM-5 zeolites were purchased from Zeolyst International (Kansas City, KS). 
These powder zeolites were calcined at 580 °C for four hours in the flow reactor prior to use in the 
catalytic cracking studies.  
4.2.2 Catalyst Characterization 
      An X-ray Diffraction (XRD) analysis was carried out on the Ru/ZSM-5 catalyst using a Rigaku 
RU2000 rotating anode powder diffractometer (Rigaku Americas Corporation, TX) at a scan rate of 
4°/min.  A Brunauer-Emmett-Teller (BET) analysis was carried out to determine the physical 
characteristics of the catalysts (surface area and pore size) using a Micromeritics model ASAP 2010 
surface area analyzer (Micromeritics Instrument Corporation, GA), with nitrogen (99.99% purity) 
as the analysis gas. The catalyst samples were heated to 150 °C at a rate of 10 °C/min and then held 
for 2 hours under a nitrogen atmosphere, and the adsorption/desorption isotherms were acquired at 
77.35 K using a 5 s equilibrium time interval. The catalyst samples were degassed at 150 °C for 6 h 
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prior to analysis to remove any adsorbed molecules from the pores and surfaces.  Metal loading was 
determined by using a Hitachi S-2400 Scanning Electron Microscope (SEM)-energy dispersive 
spectrometer (EDS) (Hitachi High Technologies America, Inc., CA) with a maximum operating 
voltage of 25kV. 
4.2.3 Experimental Procedure 
      The reactor system consisted of a BTRS – Jr® tubular reactor (Autoclave Engineers, PA), a gas 
and liquid delivery system, liquid collection system, and online gas characterization. The reactor is 
a fixed bed reactor with the dimension of 1.31 cm i.d. × 61 cm.  Brooks Smart 5850E Mass Flow 
Controllers (Brooks Instrument, PA) were used for the delivery of argon and hydrogen. Soybean oil 
was delivered to the reactor by a Series III pump (Chrom Tech, Inc., MN) from a reservoir bottle. 
      Cracking experiments were carried out according to the established procedures62, 64, 123-125 over 
the ZSM-5 zeolite catalyst at different temperatures and space velocities. Approximately 2 g of the 
fresh catalyst (5 mL) was loaded in the reactor for each run. The catalyst was calcined at 580 oC for 
4 hours and then brought to the desired reaction temperature under argon gas flowing at a rate of 8 
mL/min. After the temperature was stabilized, the flow of argon gas was stopped, and the oil was 
fed at the desired liquid hourly space velocity (LHSV, h-1) without H2 flowing into the system. The 
gas and liquid products were separated by a gas liquid separator at room temperature. The gaseous 
products were collected in a gas sampling bag. Depending on the oil flow rate, the duration of each 
run varied from 2 - 4 hours with a total of 20 mL oil fed.  After the feed pump was shut off, the 
OLP and water content were collected first by switching on the gas liquid separator. The reactor 
was then flushed with argon at a low flow rate (16 - 20 mL/min) for two hours to remove the 
remaining products from the reactor. The catalyst was washed with hexane to collect the viscous tar 
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products and residual oil content that remained in the system. The hexane was then evaporated by 
drying the mixture under vacuum for 12 hours. The washed catalyst was dried in an oven for an 
hour prior to coke analysis. The organic liquid product was separated from the aqueous phase using 
a syringe.  
      For the hydrocracking experiments, approximately 2 g of the 1.11% Ru/ZSM-5 catalyst was 
loaded in the reactor.  The catalyst was reduced in a hydrogen flow (30 mL/min) at 450 oC for two 
hours.  The reactor pressure was then increased up to 650 psi. The reactions were carried out at 360 
oC and 450 oC.  Quartz beads with a size of 160 - 630 μm were used to dilute the catalyst bed at a 
1:1 (v/v) ratio in order to minimize the mass and heat transfer effects of the catalyst beds. One set of 
experiments was also carried out at 450 oC without dilution of the catalyst bed. After the 
temperature and pressure were stabilized, soybean oil was fed at a flow rate of 0.125 mL/min. The 
molar ratio of H2 to soybean oil was held at the ratio of 10:1. Steady flow was reached usually after 
2-4 days on stream, based on the amount of liquid product collected and jet fuel selectivity. 
4.2.4 Analysis of Products 
A) Gaseous Products 
      The gaseous products were analyzed with an online gas chromatograph (GC) (Perkin Elmer, 
Model Clarus 500, MA) with a built-in Arnel Model 2106 Analyzer.  The GC was equipped with 
both flame ionization (FID) and thermal conductivity detectors (TCD). Helium and nitrogen were 
used as carrier gases. The FID was used to detect the hydrocarbon components (C1 - C5) present in 
the gaseous product, and the TCD was used to determine other gaseous products such as CO2, H2, 
and CO.  
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B) Organic Liquid Product 
      The organic liquid product (OLP) was collected by vacuum filtration to separate the liquid oil 
products from solids and analyzed using a GC with a capillary glass column (100% dimethyl 
polysiloxane 60m×0.32×1.0µm, Restek, PA) and a flame ionization detector. The gas 
chromatography system was calibrated by injecting standard HC mixtures of gas or liquid n-alkanes 
to cover the hydrocarbon range of the samples. In the OLP, the C8 - C16 fraction was defined as jet 
fuel and C12 - C20 as diesel.   
C) Residue oil and aromatic contents 
      The residual soybean oil was determined by reversed-phase high-performance liquid 
chromatography (HPLC) (PerkinElmer Series 200, PerkinElmer, Inc., MA) with Evaporative Light 
Scattering Detector (ELSD) (Altech 3300, NJ). The HPLC analysis was conducted according to the 
literature method 126 by using a high carbon load reversed phase column (Altech C18-HL, 250×4.6 
mm i.d., 5 µm, Altech Corporation, NJ,) with guard column (7.5×4.6 mm i.d., 5 µm) as the 
stationary phase. Triglycerides were calibrated with a gradient of CH2Cl2 (A)/Acetonitrile (ACN) 
(B) at a flow rate of 1 mL/min. Standard working solutions were prepared by diluting appropriate 
amounts of the soybean oil solution in MeOH/ACN (1:1, v/v). The column temperature was set to 
25 oC and the injection volume was 20 μL. The gradient condition was: 0% (A):100% (B) 
maintained for 15 min and then to 15% (A):85% (B) for 5 min; then changed to 70% (A):30% (B) 
and held for 2 min; finally, returned to the initial condition for another 3 min.  
      The total aromatics in the OLP was determined, using the method developed by Zoccolillo et al. 
127, by HPLC with diode array detector (PerkinElmer Series 200 HPLC-DAD, PerkinElmer, Inc., 
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MA). The OLP samples, diluted in acetonitrile (1 mg/mL), were analyzed under the following 
conditions: CH3CN:H2O = 60:40%, flow rate 1 mL/min; λ1= 205 nm, λ2= 254 nm.  
4.2.5 Results and discussion 
      The XRD pattern of Ru/ZSM-5 bifunctional catalyst shows no ruthenium oxide crystalline 
structures on the surface, suggesting that the ruthenium oxide is in an amorphous state. BET 
analysis shows that the catalyst has a surface area of 325.32 m2/g and a pore size of 0.0905 cm3/g.  
Ruthenium metal loading was determined to be 1.11 wt% on the catalyst by SEM-EDS technique. 
A)  Catalytic cracking over ZSM-5 
(i) Conversion of soybean oil 
      For catalytic cracking studies, both reaction temperature and space velocity were found to have 
an inconsistent effect on the conversion of soybean oil. As seen from Figure 17, within the 
temperature range of 340 - 400 oC, the maximum conversion of soybean oil was attained at 360 oC 
at both 1 and 1.5 h-1 space velocities, and then decreased with an increase in reaction temperature. 
This decrease in conversion may be due to coke formation at higher reaction temperatures (Table 9). 
Within the temperature range from 360 - 400 oC, the conversion of soybean oil decreased with 
increasing space velocity. Leng et al. 120 proposed that oil first undergoes thermal and catalytic 
cracking on the external surface of catalysts to produce heavy hydrocarbons and oxygenates, which 
are then further cracked into light alkenes and alkanes, water, carbon dioxide and carbon monoxide 
within the internal pore structure of zeolite catalysts at a temperature range of 360 to 420°C. At 
different reaction temperatures, different reactions may be dominant, which could explain the 
irregular temperature effect on the conversion. At 420 oC and a higher space velocity of 1.5 and 2 h-
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1, the reaction within the internal pore structure appears to be more dominant, which can be 
observed from the increased gas phase product formation (Table 9). This may explain the increasing 
conversion of soybean oil with increasing temperature after 420 oC. When the space velocity was 
increased from 1 h-1 to 1.5 h-1, a 3-7% decrease in conversion was observed in the temperature 
range from 340 to 400 °C.   
 
 
 
 
 
 
Figure 17.  Effect of reaction temperature and LHSV (h-1) on soybean oil conversion over 
ZSM-5 
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Table 9. Effects of reaction temperature and LHSV on product distribution of soybean oil 
cracking over a commercial ZSM-5 catalyst 
Temperature 
(oC) 
Space Velocity 
(h-1) 
Gas 
(%wt) 
OLP 
(%wt)
Tar 
(%wt)
Residual oil 
 (%wt) 
Coke 
(%wt)
340  1 9.6 17.0 55.0 11.5 4.9 
1.5 5.6 14.3 58.5 19.2 2.5
2 4.5 49.0 9.5 1.1 36.0
360  1 11.3 37.8 26.4 3.8 3.9
1.5 15.0 34.2 40.6 8.9 1.4
2 10.4 21.3 39.5 27.7 1.1
380  1 14.2 14.7 47.7 13.0 7.1 
1.5 9.3 21.3 44.9 20.8 3.7
2 6.3 27.8 31.3 24.2 10.4
400  1 13.2 25.0 37.1 11.7 10.4
1.5 8.4 27.6 38.4 18.7 6.9
2 11.9 19.7 37.6 29.9 1.0
420  1 16.8 31.0 23.5 15.8 6.5
1.5 13.0 35.3 43.2 5.1 3.4
2 15.7 34.5 25.0 22.7 2.1 
(ii) Organic liquid product and kerosene jet yield 
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Figure 18. Effect of reaction temperature and LHSV (h-1) on the yield of OLP over ZSM-5 
 
 
 
 
 
 
 
 
Figure 19. Effect of reaction temperature and LHSV (h-1) on the yield of kerosene jet fuel over 
ZSM-5 
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Since OLP was one of the desired products, the effects of reaction temperature and space velocity 
on OLP yields were of greatest interest (Figure 18).  No general trend could be observed in the OLP 
yields as a function of space velocity. This is similar to the findings of Katikaneni et al. 63 for space 
velocities from 1.8 to 3.6 h-1 over various zeolites such as HZSM-5, H-mordenite, and ZSM-5 at 
temperatures from 375 to 500 oC. 
As shown in Figure 19, the kerosene jet (C8 - C16) selectivity was between 4 and 21 wt% over 
ZSM-5 zeolite. The selectivity for the kerosene jet was found to change in a similar trend with the 
yields of OLP at all of the space velocity levels. The higher yield of OLP indicates more cracking 
of the soybean oil resulting in an increase of kerosene jet. At 360 oC, the yield of kerosene jet fuel 
was as high as 21% at a space velocity of 1 h-1.  The conversion of the soybean oil was also the 
highest under this condition.  Compared with the 16% yield at a temperature of ~450 oC 64, ZSM-5 
shows a better selectivity to  jet fuel at a lower temperature.  
(iii) Aromatic content 
     During the catalytic cracking process, a considerable amount of aromatics, such as benzene, 
toluene, ethylbenzene, trimethylbenzene and xylenes were produced by aromatization, alkylation 
and isomerization of heavier olefins and paraffins. Coke is produced by direct condensation of oil 
and polymerization of aromatics 128. Figure 20 shows the effect of reaction temperature and LHSV 
(h-1) on the yield of total aromatics over ZSM-5 zeolite.      It can be observed that lower selectivity 
for aromatic hydrocarbons was obtained with the ZSM-5 catalyst when the space velocity was 
higher, which was also observed by catalytic cracking of palm oil and canola oil over other zeolite 
catalysts 63, 120. This might due to the fact that the higher the space velocity, the shorter the contact 
time between the oil and the surface of the catalyst, and the smaller amount of the intermediate 
products converted to aromatics.   
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Figure 20. Effect of reaction temperature and LHSV (h-1) on the yield of total aromatics over 
ZSM-5 
     At 1h-1, total aromatic yield varies significantly with an increasing temperature. The highest 
yield of 24% was observed at 360 oC. As Chang and Silvestri 129 reported, the main reaction was 
dehydration when the temperature was below 300 oC.  Between 340 °C to 375 °C, aromatic 
hydrocarbon formation was predominant, while above 400 °C, light olefins and methane became 
significant as a result of secondary cracking reactions. That is the most probable reason why the 
highest yield of aromatics was obtained at 360 oC. Temperature effects on the selectivity towards 
the formation of aromatic hydrocarbons was not so obvious when the space velocity was above 2 h-
1 due to limited amount of the intermediate products were converted to aromatics at higher space 
velocities. 
B) Hydrocracking with Ru/ZSM-5 
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      Four sets of hydrocracking runs over Ru/ZSM-5 were carried out under different conditions, 
three of which were performed with a diluted catalyst bed. The first run was performed at 360 oC 
for six days. After six days, the temperature was raised to 450 oC and the reaction continued for 5 
more days. The third run was conducted at 450 oC with a batch of fresh catalysts. After the runs 
with the diluted catalysts, one run at 450 oC was conducted with a non-diluted catalyst bed. The 
conversion and product yield resulting from hydrocracking of soybean oil is given in Table 10. 
Figure 21 shows the jet fuel selectivity based on the distribution of hydrocarbons in the liquid 
product on each day.       
     Compared with the thermal cracking reactions, the conversion of soybean oil was almost 
complete under all of the hydrocracking reaction conditions. Furthermore, a stable continuous flow 
reaction was obtained with this bifunctional Ru/ZSM-5 zeolite catalyst. This is most probably 
because the hydrocracking process hydrogenates the unsaturated bonds in the triglycerides and 
reaction intermediate molecules, which reduces polymerization and minimizes the tar accumulation 
on the catalyst bed. The yield of jet fuel range hydrocarbons was 14 - 16% at 450 oC.  Bezergianni 
et al. 115 observed a similar yield of jet fuel products, but at a much higher pressure (1000 - 2000 psi) 
by hydrocracking of vacuum gas oil-vegetable oil mixtures over commercial hydroprocessing 
catalysts. In addition, approximately 20-29% diesel yield was also obtained during our process.  
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Table 10. The conversion and product yield resulting from hydrocracking of soybean oil over 
Ru/ZSM-5 catalyst 
 
360 oC  
(diluted 
catalyst) 
360 oC to 450 
oC (diluted 
catalyst) 
450 oC  
(diluted catalyst) 
450 oC  
(non-diluted 
catalyst) 
Conversion (%wt) 98.1 100.0 100.0 100.0 
OLP Yield (%wt) 86.5 55.1 69.0 66.9 
Jet Fuel Yield 
(%wt) 
1.4 14.0 14.0 16.2 
Diesel Yield (%wt) 1.1 20.7 27.0 28.6 
Water Yield (%wt) 0.1 2.7 0.3 1.7 
      Figure 22 shows a typical GC chromatogram of the organic liquid product compared with those 
of commercial JP-8 and ultra-low sulfur diesel (ULSD). It can be seen that most of the OLP was in 
the range of jet fuel and diesel fuel. In spite of a high conversion of soybean oil at a low 
temperature of 360 oC, little jet fuel range hydrocarbons were obtained due to the low yield of 
cracking products.  
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Figure 21. Jet fuel selectivity in liquid product of hydrocracking over bifunctional Ru/ZSM-5 
catalyst 
 
 
 
 
 
Figure 22. GC Chromatogram of the hydrocracking product, JP-8 and ULSD 
      According to the study by Bezergianni et al.116, the system usually reached steady state after 5-6 
days on stream. From the jet fuel selectivity in Figure 21, it appears that the reaction reached steady 
state after two days at both 360 oC and 450 oC with the diluted catalysts. However, the non-steady 
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state period was as long as 5 days with a non-diluted catalyst bed at 450 oC, possibly due to the heat 
and mass transfer effects. The selectivity toward jet fuel increased back to ~20% as the temperature 
was increased to 450 oC after 6 days of reaction at 360 oC with diluted catalysts.  This suggests that 
the catalyst has experienced no significant deactivation.   
4.3 Conclusion 
      ZSM-5 showed relatively high jet fuel yields from catalytic cracking of soybean oil. Both 
reaction temperature and space velocity were found to have inconsistent effects on the conversion 
of soybean oil and jet fuel yield. At lower space velocities, such as 1 and 1.5 h-1, the conversion of 
soybean oil decreased at the higher reaction temperature due to coke formation. The selectivity 
toward aromatics can be varied by adjusting the oil space velocity. However, the experiment was 
suffering from severely plugging due to large amount of coke and tar production. On the other hand, 
jet fuel HC products were obtained through a one-step hydrocracking reaction over a non-sulfided 
precious metal catalyst (Ru/ZSM-5 catalyst). A comparable yield of jet fuel (16%) was obtained 
under a much lower pressure (650 psi) compared to about 17% kerosene jet yield over the 
commercialized hydrocracking catalyst at 2000 psi reported by Bezergianni et al. 116.  A 20 - 29% 
diesel yield was also obtained by varying reaction conditions during the process. Compared to the 
catalytic cracking process, less tar and coke were formed during the hydrocracking process and 
stable continuous flow reaction was obtained by using the bifunctional Ru/ZSM-5 catalyst. 
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CHAPTER 5. HYDROCARBON FUELS PRODUCTION FROM HYDROCRACKING OF 
SOYBEAN OIL USING TRANSITION METAL CARBIDES AND NITRIDES 
SUPPORTED ON ZSM-5* 
5.1 Introduction 
      Increasing amount of greenhouse gases, especially carbon dioxide from burning of fossil fuels, 
along with non-renewability of the fossil resources, drove the study on the development of biofuels 
from alternative and renewable sources to displace commercial petroleum products. It is well 
known that triglyceride based vegetable oils, animal fats, and recycled grease have the potential to 
be suitable sources of fuel or hydrocarbons under the right processing conditions.  At present, the 
most successful class of oil-derived biofuels is biodiesel, which is produced from plant oils or 
animals fats by a liquid-phase catalyzed transesterification process at low temperature or a solid 
catalyzed transesterification at high temperature.  Though biodiesel has significant advantages and 
benefits, there are several major disadvantages compared to petroleum fuels, such as poor cold flow 
properties, low oxidation stability, and about 10% lower energy content, among others.  
      In order to address the above mentioned issues, interest in producing green fuels comparable to 
conventional fuels by catalytic hydrotreating of triglycerides has increased significantly in the last 
few years. Fuels produced from the hydrotreating have properties similar to petroleum diesel, and 
show better properties than the biodiesel produced via transesterification. Moreover, the engine fuel 
economy is improved3.  As an alternative biofuels technology which can employ the existing 
                                                            
* This work was accepted for being published in Industrial & Engineering Chemistry Research, xxx (2012) xxx–xxx. 
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infrastructure of petroleum refineries4, 13, hydrotreating has already been developed to incorporate 
renewables as part of refining operations130. 
      Hydrocracking is considered as a more severe hydrotreating process. It converts heavier 
feedstocks into more valuable, low boiling products. During the hydrocracking process, the 
cracking and hydrogenation reactions take place simultaneously on a dual function catalyst, in 
which the acid sites of the catalyst are necessary for isomerization and cracking activities while the 
metallic sites are required for hydrogenation and dehydrogenation reactions76.  
      Two types of catalysts have been reported as effective hydrotreating catalysts in converting 
vegetable oils to diesel range hydrocarbons: supported noble metal catalysts (Pd and Pt)9-12 and 
sulfided bimetallic catalysts (usually Mo- or W-based sulfides promoted with Ni or Co)13-17 .  The 
catalytic reactions take place in the presence of a hydrogen-rich gas phase. The reaction pathway 
involves hydrogenation of the C=C bonds of the vegetable oils followed by alkane production by 
different reactions: decarbonylation, decarboxylation and hydrodeoxygenation. The straight chain 
alkanes can further undergo isomerization and cracking to produce lighter fuel range hydrocarbons 
(C5 to C16) with some degree of branching71. However, there are disadvantages of using these 
catalysts. On one hand, the limited availability and high price of noble metal catalysts has made the 
process economically not viable. Furthermore, since noble metal catalysts are very sensitive to 
catalyst poisons22, contaminates (such as oxygenated compounds) in the feedstock can cause 
significant deactivation of the catalysts23. Therefore, it is necessary to remove impurities from the 
biomass feedstock. On the other hand, the products obtained in the mentioned processes over the 
bimetallic aluminum oxide supported catalysts are essentially n-paraffins (n-C15 up to n-C18) 
solidifying at subzero temperatures and therefore they are not suitable for producing high quality 
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diesel fuels, kerosene and gasoline compounds26. More importantly, the base metals in these 
hydrotreating catalysts need to be maintained in their sulfided form in order to be active at process 
conditions, and therefore a sulfurization co-feed needs to be added to the feedstock.  
      In recent years, the nitrides and carbides of early transition metals have been identified as a new 
class of promising hydrotreating catalysts which possess excellent catalytic properties and are 
competitive with the conventional bimetallic sulfided catalysts.  After carburization or nitridation, 
the early transition metals can exhibit high activity similar to the noble metals because the 
introduction of carbon or nitrogen into the lattice of the early transition metals results in an increase 
of the lattice parameter a0 and leads to an increase in the d-electron density27. As a substitute for 
sulfide catalysts, mono- and bimetallic carbides and nitrides based on transition metals have been 
successfully applied to the upgrading process of petroleum oil and bio-oil including 
hydrodesulfurization (DNS), hydrodenitrogenation (HDN), and hydrodeoxygenation (HDO)28-31.  
During catalytic hydrotreating, the triglycerides and free fatty acids in vegetable oils and animal fats 
are deoxygenated first and then converted into hydrocarbon fuels. Therefore, by considering using 
the nitrides and carbides of transition metals for hydrotreating of vegetable oils, the HDO activity of 
the catalysts is a very important factor.   It has been reported that transition metal nitrides exhibited 
excellent activity and selectivity for hydrodeoxygenation of benzofuran32. Moreover, Han et al.33 
reported transition metal carbide catalyst, Mo2C,  showed high activity and selectivity for one-
step conversion of vegetable oils into branched diesel-like hydrocarbons.Nitrides of molybdenum, 
tungsten and vanadium supported on γ-Al2O3 were also used for hydrodeoxygenation of oleic acid 
and canola oil34. The oxygen removal exceeded 90% over the supported molybdenum catalyst for a 
long reaction duration (450 hours) and the yield of middle distillate hydrocarbons (diesel fuel) 
ranged between 38 and 48 wt%. Although most of the transition metal carbides and nitrides 
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catalysts described above have interesting HDO properties, bimetallic nitride and carbide catalysts 
were found to be much more active and stable than the mono-metallic ones28.   However, there are 
few reports on the use of bimetallic catalysts for vegetable oils hydrocracking. The objective of this 
work is to evaluate the hydrocracking activities and selectivity of bimetallic (NiMo) carbides and 
nitrides catalysts supported on ZSM-5. ZSM-5 is an industrially important catalyst support, and has 
been widely used in the petroleum refinery process due to its strong acidy and specific pore 
structures. The effects of Ni:Mo ratio and process parameters (i.e.,    temperature and oil flow rate) 
on the conversion and the yield of the total biofuel products were investigated under a relatively 
low pressure condition.   
5.2 Experimental 
5.2.1 Catalyst Preparation 
      The oxide precursors were prepared through incipient wetness impregnation of ZSM-5 (Zeolyst 
International, Kansas City, KS) using aqueous solutions with the appropriate salts. 10 g of 
Ni(NO3)2 and 7.3 g of (NH4)6Mo7O24ˑ4H2O (Sigma-Aldrich, St. Louis, MO) were dissolved in a 
volume of water equal to the total pore volume of the catalyst support. This solution was then 
immediately poured over 40 g of catalyst support and agitated slightly to ensure that the entire pore 
volume of the catalyst was impregnated. Following this, the impregnated catalyst was placed in a 
50 °C oven for 12 hours, and then dried in a programmable high-temperature oven for 12 hours at 
120 oC, followed by calcination at 400 °C for 6 hours. The final step in the procedure is the 
carburization or nitriding of the metal oxide precursor using the temperature-programmed reduction 
(TPR)131-133. Firstly, 10 grams of the metal oxide precursor is loaded into a quartz reactor and 
placed in a temperature-controlled oven. Then the carburization is carried out using a flow of 250 
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cm3 min-1 of 20 vol % CH4/H2 over the metal oxides at a heating rate of 10 K min-1 to 250 oC and 
then at a 1.98 K min-1 to a final temperature of 730 °C, which previous studies have shown to be 
suitable for carbide formation134.  In the final stage, the temperature was maintained at 730 oC for 
half an hour to complete the reaction. The ammonia nitridation of oxides is carried out in a flow of 
100 cm3 min-1 of ammonia. In the first stage, the temperature was increased at 10 K min-1 to 250 oC. 
In the second stage, the temperature was raised to 700 oC and held for half an hour.  Finally, the 
sample was cooled down to room temperature in argon and then passivated in flowing mixed gases 
(1% O2/Ar) for 2 hours28. 
5.2.2 Catalyst Characterization 
      An X-ray Diffraction (XRD) analysis was carried out using a Rigaku RU2000 rotating anode 
powder diffractometer (Rigaku Americas Corporation, TX) at a scan rate of 4°/min.  A Brunauer-
Emmett-Teller (BET) analysis was carried out to determine the surface area and pore size of the 
catalysts using a Micromeritics model ASAP 2010 surface area analyzer (Micromeritics Instrument 
Corporation, GA), with nitrogen (99.99% purity) as the analysis gas. The catalyst samples were 
heated to 150 °C at a rate of 10 °C/min and then held for 2 hours under a nitrogen atmosphere, and 
the adsorption/desorption isotherms were acquired at 77.35 K using a 5 second equilibrium time 
interval. The catalyst samples were degassed at 150 °C for 6 hours prior to analysis to remove any 
adsorbed molecules from the pores and surfaces.   
5.2.3 Experimental Procedure 
      The reactor system consisted of a BTRS – Jr® tubular reactor (Autoclave Engineers, PA), a gas 
and liquid delivery system, liquid collection system, and online gas characterization. The reactor is 
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a fixed bed reactor with the dimension of 1.31 cm i.d. × 61 cm.  Approximately 2 g of the catalyst 
was loaded in the reactor.  The catalyst was reduced in a hydrogen flow (30 mL/min) at 450 oC for 
two hours.  The reactor pressure was then increased up to 650 psi. The reactions were carried out at 
360, 400 or 450 oC.  Quartz beads with a size about 200 μm were used to dilute the catalyst bed at a 
1:1 (v/v) ratio in order to improve the mass and heat transfer of the catalyst beds. After the 
temperature and pressure were stabilized, soybean oil was fed.  The liquid and gaseous products 
were separated in the gas-liquid-separator after the reaction. The reactor was considered to be in a 
steady state when the liquid product yield and the selectivity for gasoline to diesel range 
hydrocarbons maintain relatively constant on a daily basis, usually after 4–5 days on stream. 
Gaseous products were analyzed by an online gas chromatograph (Perkin Elmer, Calculus 500) 
equipped with a built-in Arnel Model 2106 Analyzer and a thermal conductivity detector (TCD). 
Helium and nitrogen were used as carrier gases. Liquid samples were collected at intervals of 24 h. 
The organic liquid product (OLP) was separated from the aqueous phase using a syringe. 
Hydrocarbon fuels in the OLP, such as gasoline (C5-C12), jet fuel (C8 - C16) and diesel (C12 - C22), 
were analyzed quantitatively by a GC with a capillary glass column (100% dimethyl polysiloxane 
60m×0.32×1.0µm, Restek, PA) and a flame ionization detector. Conversion (%), OLP yield (%), 
and product selectivity in OLP (%) were computed as the following: 
    
 
 
(16) 
(17) 
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      Where  and R are the weight of feed soybean oil and residue oil in the product respectively, P 
is the product weight (OLP, gasoline, kerosene, or diesel). 
5.3 Results and discussion 
5.3.1 Catalysts Characterization 
      Figure 23 shows the X-ray diffraction (XRD) patterns of the bimetallic NiMo carbide and 
nitride phases supported on ZSM-5.  Mo2N, Ni3N, NiC, and Mo2C phases were found.  Surface area, 
pore volume, and pore size of the catalysts are summarized in the Table 11. It can be seen that both 
carbide and nitride of NiMo/ZSM-5 catalysts show a reduced surface area as compared with the 
ZSM-5 support. This could be attributed to  the combination of structural loss and pore/channel 
blockage135 after loading metal oxides, nitrides and carbides on the zeolite. The distinct heats of 
formation of different nitrides and carbides caused the catalysts to consist of both mixed Ni-Mo 
phase (NiMoO4) together with single Ni and Mo carbides (Mo2C and NiC) and nitrides (Mo2N and 
Ni3N), respectively31.  
 
 
 
 
(18) 
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Figure 23. XRD patterns of NiMo/ZSM-5 carbide and nitride catalysts 
Table 11. BET surface area, pore size and pore volume of the catalysts 
Sample Surface Area (m2/g) Pore Size (Å) Pore Volume(cm³/g)
NiMo/ZSM-5 Carbide 345.5 55.1 0.131 
NiMo/ZSM-5 Nitride 298.6 55.6 0.108 
ZSM-5 420.5 45.5 0.310 
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5.3.2 Hydrocracking of soybean oil 
5.3.2.1 Temperature effects on the hydrocracking products 
      Hydrocracking yields an organic liquid product (OLP), together with gaseous products and 
water.  The OLP not only contains hydrocarbon fuels, but also other side products, such as partially 
converted triglycerides, oxygenates, monomers, dimers, and tars, among others.  
 
 
 
      
 
 
 
 
 
Figure 24. TCD analysis of gaseous products at 1.5 hr-1, 450 oC 
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      When the LSHV was 1.5 hr-1, the conversion of triglycerides was found to be 100% over both 
of the nitride and carbide catalysts at 360 oC and 450 oC. Hydrocracking over both the nitride and 
carbide catalysts yielded about 4-5% water due to hydrodeoxygenation (Reaction (19)). It can be 
seen in Figure 2 that the oxygen in the triglyceride molecule was also removed as CO and CO2 by 
decarbonylation (Reaction (20)) and decarboxylation (Reaction (21)) respectively. As shown in 
Figure 24, both decarbonylation and decarboxylation are more significant reactions with the nitride 
catalyst compared to the carbide catalyst because of larger amounts of CO and CO2 formed. 
Moreover, it can be seen from the chromatogram that larger amount of methane was produced over 
the nitride catalyst by the methanation reaction since hydrotreating catalysts are known to be active 
for both reverse water gas shift (WGS) (Reaction (23)) and methanation24. Methane is basically one 
of the unwanted side products since it is a low energy compounds and its formation consumes large 
amount of hydrogen. 
 
(22) 
(23) 
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Figure 25. Organic liquid product (OLP) yield over the nitride and carbide catalysts at 360 oC 
and 450 oC 
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Figure 26. Gasoline selectivity in OLP over the nitride and carbide catalysts at 360oC and 450 oC 
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Figure 27. Jet fuel selectivity in OLP over the nitride and carbide catalysts at 360oC and 
450oC 
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Figure 28. Diesel fuel selectivity in OLP over the nitride and carbide catalysts at 360oC and 
450oC 
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Figure 29. FTIR spectra of the OLPs over NiMo/ZSM-5 nitride catalysts at 360 oC, 1.5 hr-1 
      Though similar amounts of OLP (Figure 25) were obtained at two temperature levels (360 oC 
and 450 oC), the physical and chemical properties of the OLPs were completely different. The 
catalyst deactivated rapidly at the low temperature (360 oC) as shown in Figure 25-28). Little 
amount of hydrocarbon fuels were obtained after 4 days reaction over both of the catalysts. Creamy 
and viscous products were produced instead of OLPs. The increasing carboxyl acid group (-COOH) 
in the FTIR spectra (Figure 29) indicates that larger amounts of carboxyl acids were produced along 
with a longer reaction time. Total acid number (TAN) of the products (Figure 30) was determined 
by using a Titrado 809 (Brinkmann, Westbury, NY). It can be observed that the acid number at 360 
oC was increased sharply from 0 to 140 mg KOH/g within 6 days, which was caused by the large 
-COOH
Day 1 
Day 2 
Day 3 
Day 4 
Day 5 
Day 6 
Day 7 
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amount of carboxyl acids compounds in the final product. Apparently, the active centers are 
poisoned at this temperature level by the strong adsorption of water which could be removed at a 
higher reaction temperatures136. This can be seen from Figure 30 where the acid number of the OLP 
at 450 oC decreased significantly compared to the products at 360 oC. The absorbed water can 
influence the metal/acid balance of hydrocracking catalysts and change the hydrocracking activity 
and product selectivity137-139 . At 450 oC, both carbide and nitride catalysts showed comparable 
selectivities to jet and diesel range hydrocarbons (Figure 27-28). However, the gasoline selectivity 
over the nitride catalyst was about 10% lower after the reaction reached steady state (5 days later) 
than that over the carbide catalyst. This might be due to the fact that more carbons from the 
feedstock were converted to methane over the nitride catalyst, which has a higher methanation 
activity as mentioned above.  Therefore, the following study will focus on the carbide catalyst since 
it is less active to methanation and more selective to higher hydrocarbons compared to the nitride 
catalyst.  
      To determine the effect of feed space velocity on the hydrocracking process over the carbide 
catalyst, continuous flow reactions with three LHSV levels (1, 2 and 3 hr-1) at 400 oC and 650 psi 
were conducted. One hundred percent conversion of triglycerides was obtained for all of the 
conditions.  
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Figure 30. Total Acid Number (TAN) determination of the products over NiMo nitride 
catalyst at 360 oC and 450 oC 
5.3.2.2 Space velocity effects on the hydrocracking process over the carbide catalyst  
     The OLP yields and selectivities to gasoline, kerosene/jet, and diesel hydrocarbons are given in 
Figure 31-34. As can be seen in Figure 31, the OLP yields do not exhibit a direct correlation with 
LHSV. At a lower LHSV of 1 hr-1, more cracking hydrocarbon products as well as gaseous phase 
products were generated than at 2 hr-1. Less OLP but the highest selectivity to gasoline range 
hydrocarbons (35%) was obtained compared with higher LHSV. When the LHSV was as high as 3 
hr-1, less OLP was obtained, probably due to the polymerization of the feed oil. This might be due 
to the shorter the contact time between the oil and the catalytic sites with higher space velocity, 
with a larger amount of the unsaturated intermediates polymerizing instead of being hydrogenated 
to saturated hydrocarbons since the reactor was severely plugged by viscous products after 5 days 
reaction.  Thus, the highest organic liquid product yield (about 80%) was observed at 2 hr-1.    
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Figure 31. The effects of LHSV on OLP yields 
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Figure 32. The effects of LHSV on gasoline selectivity in OLP 
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Figure 33. The effects of LHSV on jet fuel selectivity in OLP 
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Figure 34. The effects of LHSV on diesel fuel selectivity in OLP 
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  5.3.2.3 Effect of catalyst composition on the hydrocracking process over the carbide catalyst 
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Figure 35. The effects of Ni/Mo ratio on OLP yields 
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Figure 36. The effects of Ni/Mo ratio on gasoline selectivity in OLP 
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Figure 37. The effects of Ni/Mo ratio on jet fuel selectivity in OLP 
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Figure 38. The effects of Ni/Mo ratio on diesel fuel selectivity in OLP 
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   The NiMo/ZSM-5 is a bi-functional catalyst with both cracking and hydrogenation activities. The 
cracking function in the catalysts is provided by its support, i.e., ZMS-5, which contains highly 
acidic sites necessary for cracking140. The hydrogenation function can be attributed to Ni-Mo 
transition metals dispersed over the supporting surface. The hydrogenation reactions catalyzed by 
those metals follow the free-radical mechanism141 and the atomic ratio of the metals had a strong 
influence on the activity and selectivity142.  
     While maintaining a 10%wt metal loading, four NiMo/ZSM-5 carbide catalysts (Ni/Mo=0, 0.5, 
1, 1.5) were prepared to study the effects of Ni/Mo molar ratio on the hydrocracking process. The 
experiments were conducted at 400 oC and 650 psi. Again, full conversion of triglycerides was 
obtained for all of the experiments. 
     The OLP yield and selectivity to the different cracking products are presented in Figure 35-38 
for Ni-Mo/ZSM-5 carbide catalyst with different Ni/Mo atomic ratios. The reactions over the 
catalyst with only Mo metal loading experienced a very severe plugging problem after three days. 
Almost no gasoline, jet fuel and diesel range hydrocarbons were obtained in the final products. A 
large amount of higher hydrocarbons (> C23) was found in the products. According to synergistic 
mechanism of the Ni/Mo bimetallic catalysts, nickel plays a role in hydrogen activation, 
transferring protons and electrons to the molybdenum143.  With a lack of Ni for hydrogen activation 
and transferring, polymerization might be the dominant reaction over the Mo/ZSM-5 carbide 
catalyst, resulting in the catalyst bed plugging when the Ni/Mo ratio was 0. It can be seen from 
Figure 37-38 that catalysts with Ni/Mo ratios from 0.5-1.5 showed similar selectivity to jet and 
diesel hydrocarbons. However, the selectivity to gasoline range hydrocarbons decreased with the 
increasing Ni/Mo ratio (Figure 36). This might due to the fact that with the increasing amount of Ni 
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content on the catalyst, the deoxygenated and cracked intermediates might be hydrogenated to more 
gaseous products instead of gasoline to diesel fuel range hydrocarbons, which could result in a 
decreasing amount of OLP as shown in Figure 35). 
5.4. Conclusions 
     Non-sulfided bimetallic hydrocracking catalysts, Ni-Mo carbides and nitrides supported on 
ZSM-5 were prepared by a temperature-programmed reaction method. Three main hydrocracking 
operating parameters were studied in terms of their effects on organic liquid product yields and 
product selectivity. Complete conversion of soybean oil and up to 50%wt yield of hydrocarbon 
fuels were obtained from vegetable oil over the catalysts under a low reaction pressure (650 psi). 
Both of the carbide and nitride catalysts are active for methanation but the nitride catalyst showed a 
higher activity for methane production. Study on the effect of temperature revealed that the catalyst 
under a low reaction temperature (360 oC) is not resistant to water poisoning and large amount of 
carboxylic acid products were produced. Increasing the oil-catalyst contact time can enhance the 
hydrocarbon fuel contents in the organic liquid products.  Hydrocracking products are affected by 
the Ni/Mo atomic ratio of catalyst. Higher amount of Ni content improves the hydrogenation 
activity of the catalyst.  
     In conclusion, Ni-Mo carbide supported on ZSM-5 showed high activity and selectivity for one-
step conversion of vegetable oils into the gasoline to diesel range. This study provides a promising 
approach for preparing drop-in fuels from renewable resources under a lower pressure without 
sulfurization reagents involved in the process. 
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CHAPTER 6.  HYDROTREATING OF SOYBEAN OIL OVER NIMO CARBIDE   ON FIVE 
DIFFERENT SUPPORTS 
6.1 Introduction 
     Due to the increasing price of fossil fuel, energy security reasons, environmental and economic 
issues, it is highly demanding to develop the techniques to produce biofuels from alternative and 
renewable sources to displace commercial petroleum products. It is well known that triglyceride 
based vegetable oils, animal fats, and recycled grease have the potential to be a suitable feedstock 
of renewable fuels under the right processing conditions.  
     Currently, the above mentioned renewable feedstocks can be converted into liquid hydrocarbon 
fuels by the methods of hydrotreating process similar to what is found in the oil and gas refining 
industry 3, 4. Conventional γ-Al2O3 supported sulfided bimetallic catalysts (usually Mo- or W-based 
sulfides promoted with Ni or Co) as presently used for desulphurization of fossil diesel streams are 
used in the process under high energy consumption conditions, such as high temperature, high 
pressure, and large amount of hydrogen consumption24. The products obtained are essentially n-
paraffins (n-C15 up to n-C18) solidifying at subzero temperatures. So, they are unsuitable for high 
quality diesel fuels, kerosene and gasoline compounds26. The process is costly and the yield of 
product can be low because of formation of coke, which causes its deactivation and pressure build-
up in the reactor25. More importantly, the base metals in these hydrocracking catalysts need to be 
maintained in their sulfided form in order to be active at process conditions, and therefore a 
sulfurization co-feed needs to be added to the feedstock.  
     In order to resolve the above issues, a number of studies have been carried out to develop non-
sulfided catalysts with high activity, good selectivity and long lifetime in a hydrotreating process9-12, 
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33, 34. Among them, the nitrides and carbides of early transition metals have been identified as a new 
class of hydrotreating catalysts which are competitive with the conventional bimetallic sulfided 
catalysts. These catalysts exhibit high activity similar to the noble metals because the introduction 
of carbon or nitrogen into the lattice of the early transition metals results in an increase of the lattice 
parameter a0 and leads to an increase in the d-electron density27. Han et al.33 reported transition 
metal carbide catalyst, Mo2C, supported on multi-walled carbon nanotubes showed 90% conversion 
and 91% hydrocarbon selectivity for one-step conversion of vegetable oils into branched diesel-like 
hydrocarbons.Nitrides of molybdenum, tungsten and vanadium supported on γ-Al2O3 were also 
used for hydrodeoxygenation of oleic acid and canola oil34. The oxygen removal exceeded 90% 
over the supported molybdenum catalyst for a long reaction duration (450 hours) and the yield of 
middle distillate hydrocarbons (diesel fuel) ranged between 38 and 48 wt%.  Moreover, bimetallic 
nitride and carbide catalysts were found to be much more active and stable than the mono-metallic 
ones28 even though no application of them in the biomass hydrotreating process has been reported. 
     Though the nitrides and carbides of early transition metals have been studied in the above 
mentioned literatures as hydrotreating catalysts to convert vegetable oils to biofuels due to their 
unique structural and electronic properties, as it can be observed, up to now, no clear information 
exists on the effect of the support on the hydrotreating activity of the catalysts. However, the 
support plays the important role of the cracking function in the hydrotreating catalyst 144, 145. It 
contributes to the cracking of the C-O or C-C bond and to the isomerization of the n-olefins formed, 
which after hydrogenation are transformed into isoparaffins12, 76.  Thus, the aim of this work is to 
prepare bimetallic (NiMo) carbides catalysts supported on different supports and investigate the 
support effects on the catalyst hydrotreating activity.  
86 
 
 
 In this study, the preparation of Al-SBA-15 with Si/Al=80 and hydrotreating catalysts based on this 
mesoporous material along with commercialized γ-Al2O3, ZSM-5, Zeolite β and USY zeolite are 
presented. Nickel and molybdenum are impregnated as active metals.  The carbides of the catalysts 
were evaluated for hydrotreating of soybean oil in a bench-scale plugged flow reactor. 
6.2 Experimental 
6.2.1 Preparation of Al-SBA-15 
     Al-SBA-15 with Si/Al=80 was synthesized following the synthesis procedure of Wu et al.146. A 
typical synthesis procedure was as the following: 20 grams of commercialized SBA-15 powder 
(ACS Materials, LLC, Medford, MA) was dispersed in 150 mL hexane. Then 0.067g aluminum 
isopropoxide dispersed in a small amount of hexane was added with stirring. After 10 minutes, the 
solution was diluted by adding more hexane (150 mL) and the stirring was continued to another 24 
h at room temperature. The mixture solution was filtered and the obtained solid products were 
washed thoroughly with hexane followed by overnight drying at 60oC in the oven. Finally, the solid 
products were calcined at 773 K for 4 h to obtain Al-SBA-15 with a final Si/Al ratio of 80. 
6.2.2 Catalyst Preparation 
     The oxide precursors were prepared through incipient wetness impregnation of Al-SBA-15, γ-
Al2O3, ZSM-5, Zeolite β and USY zeolite using aqueous solutions with the appropriate salts. The γ-
Al2O3 support was supplied by US Research Nanomaterials, Inc., Houston, TX. All of the zeolite 
supports were purchased from Zeolyst International, Kansas City, KS. All supports materials are 
calcined at 350 oC before usage for the purpose of stable the crystal structure. For the impregnation, 
10g of Ni(NO3)2 and 7.3g of (NH4)6Mo7O24ˑ4H2O (Sigma-Aldrich, St. Louis, MO) were dissolved 
in a volume of water equal to the total pore volume of the catalyst support. This solution was then 
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immediately poured over 40g of catalyst support and agitated slightly to ensure that the entire pore 
volume of the catalyst was impregnated. Following this, the impregnated catalyst was placed in a 
50°C oven for 12 hours, and then dried in a programmable high-temperature oven for 12 hours at 
120oC, followed by calcination at 400°C for 6 hours. The final step in the procedure is the 
carburization or nitriding of the metal oxide precursor using the temperature-programmed reduction 
(TPR)131-133. Firstly, 10 grams of the metal oxide precursor is loaded into a quartz reactor and 
placed in a temperature-controlled oven. Then the carburization is carried out using a flow of 250 
cm3 min-1 of 20 vol % CH4/H2 over the metal oxides at a heating rate of 10K min-1 to 250oC and 
then at a 1.98 K min-1 to a final temperature of 730°C, which previous studies have shown to be 
suitable for carbide formation134.  In the final stage, the temperature was maintained at 730 oC for 
half an hour to complete the reaction. The ammonia nitridation of oxides is carried out in a flow of 
100 cm3 min-1 of ammonia. In the first stage, the temperature was increased at 10 K min-1 to 250oC. 
In the second stage, the temperature was raised to 700oC and held for half an hour.  Finally, the 
sample was cooled down to room temperature in argon and then passivated in flowing mixed gases 
(1% O2/Ar) for 2 hours28. 
6.2.3 Catalyst Characterization 
     An X-ray Diffraction (XRD) analysis was carried out using a Rigaku RU2000 rotating anode 
powder diffractometer (Rigaku Americas Corporation, TX) at a scan rate of 4°/min.   
    A Brunauer-Emmett-Teller (BET) analysis was carried out to determine the surface area and pore 
size of the catalysts using a Micromeritics model ASAP 2010 surface area analyzer (Micromeritics 
Instrument Corporation, GA), with nitrogen (99.99% purity) as the analysis gas. The catalyst 
samples were heated to 150°C at a rate of 10 °C/min and then held for 2 hours under a nitrogen 
atmosphere, and the adsorption/desorption isotherms were acquired at 77.35 K using a 5 second 
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equilibrium time interval. The catalyst samples were degassed at 150°C for 6 hours prior to analysis 
to remove any adsorbed molecules from the pores and surfaces.  
     Transmission electron microscopy (TEM) of the samples was done on a JEOL-2010 FasTEM 
microscope operating at 100 kV. The calcined sample was dispersed in hexane, deposited on a Cu 
grid and dried. Aluminum content in Al-SBA-15 was estimated by EDAX. 
6.2.4 Activity tests 
     Catalysts activity tests were carried out in a BTRS – Jr® tubular reactor (Autoclave Engineers, 
PA) ng soybean oil as a feedstock. The reactor is a fixed bed reactor with the dimension of 1.31 
cm i.d. × 61 cm.  Approximately 2 g of the catalyst was loaded in the reactor.  Quartz beads with a 
size about 200 μm were used to dilute the catalyst bed at a 1:1 (v/v) ratio in order to improve the 
mass and heat transfer of the catalyst beds. Prior to the reaction, the catalyst was reduced in a 
hydrogen flow (50 mL/min) at 450oC for two hours.  The reactions were carried out at 400 oC and 
650psi.  After the temperature and pressure were stabilized, soybean oil was fed at 1 h-1 liquid 
hourly space velocity (LHSV) while maintaining hydrogen flow rate at 50 mL/min.  The liquid and 
gaseous products were separated in the gas-liquid-separator after the reaction. An experiment was 
considered to be in a steady state when the liquid product yield and the selectivity for gasoline to 
diesel range hydrocarbons maintain relatively constant on a daily basis, usually after 4–5 days on 
stream. Gaseous products were analyzed by an online gas chromatograph (Perkin Elmer, Calculus 
500) equipped with a built-in Arnel Model 2106 Analyzer and a thermal conductivity detector 
(TCD). Helium and nitrogen are used as carrier gases. Liquid samples were collected at intervals of 
24 h. The organic liquid product (OLP) was separated from the aqueous phase using a syringe. 
Hydrocarbon fuels in the OLP, such as gasoline (C5-C12), jet fuel (C8 - C16) and diesel (C12 - C22),  
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were analyzed quantitatively by a GC with a capillary glass column (100% dimethyl polysiloxane 
60m×0.32×1.0µm, Restek, PA) and a flame ionization detector.  
6.3 Results and discussion 
6.3.1 Catalyst Characterization 
     Figure 39 exhibits the nitrogen adsorption-desorption isotherms of the five supported NiMoC 
catalysts. It can be seen the isotherm curve of NiMoC/Al-SBA-15 is type IV and the adsorption 
hysteresis loop is type A according to De Boer’s theory, which means that NiMoC/Al-SBA-15 has 
a meso porous structure with uniform regular channel distribution. The specific adsorption capacity 
is as high as 450 m2/g.  NiMoC/γ-Al2O3 shows a type IV isotherm curve and the adsorption 
hysteresis loop is type E. It indicates that NiMoC/γ-Al2O3 catalyst has a meso-porous structure with 
irregular and un-uniform channels inside. And its specific adsorption capacity is also much lower 
than NiMoC/Al-SBA-15. 
 
 
 
 
 
 
 
Figure 39. Nitrogen adsorption-desorption isotherms of the catalysts 
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Table 12. Textural properties of NiMoC catalysts using different supports 
Catalyst 
Surface Area 
(m2 g-1) 
Pore Volume 
(cm-3 g-1) 
NiMoC/ZSM-5 446.8 0.13 
NiMoC/Zeolite β 466.7 0.09 
NiMoC/USY 475.6 0.25 
NiMoC/γ-Al2O3 216.0 0.21 
NiMoC/Al-SBA-15 711.5 0.71 
 
 
 
 
 
 
 
 
Figure 40. XRD patterns of the five supported NiMo carbide catalysts 
      The other three zeolites supported catalysts (NiMoC/ZSM-5, NiMoC/Zeolite β and 
NiMoC/USY) exhibited profiles of microporous structures (Type I isotherms) with relatively small 
external surface, which is characterized by an initial rapid increase in the amount adsorbed and a 
long nearly flat region at higher pressures 147. The specific adsorption capacity follows this order:   
NiMoC/SBA-15
NiMoC/ γ-
NiMoC/ USY
NiMoC/ Zeolite 
NiMoC/ ZSM-5
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NiMoC/USY > NiMoC/ZSM-5 and NiMoC/Zeolite β. In addition, Table 12 lists the textural 
properties of the catalysts. It can be observed that NiMoC/Al-SBA-15 has the highest surface area 
(711.5/ m2 g−1) compared to the other four catalysts. 
 
 
 
 
 
 
 
 
 
 
 
 
         
 
Figure 41. TEM images of the catalysts 
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NiMoC/γ-Al2O3 
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     Figure 40 illustrates the X-ray diffractions of the five supported carbide catalysts within the 
range of 3-90o. No characteristic peaks belong to Ni/Mo carbides or oxides can be observed for the 
supported carbide catalysts.  For NiMoC/Al-SBA-15, only the diffuse peaks of noncrystalline silica 
have been observed. It indicates that the crystallite sizes of Ni/Mo carbides or oxides are below the 
lower limit for XRD detectability (5 nm), or an amorphous metal carbides or oxides are formed148. 
      Figure 41 shows the transmission electron micrographs (TEM) of NiMoC/ZSM-5, 
NiMoC/Zeolite β, NiMoC/USY, NiMoC/γ-Al2O3 and NiMoC/Al-SBA-15.  TEM images of 
catalysts confirmed their nanostructure. The black spots on the images denote the metallic particles 
(NiMo carbides and/or oxides) of on the catalysts. The metallic particles had irregular shapes on 
zeolite β and γ-Al2O3. The comparison of the five supports indicates that Al-SBA-15 support allows 
obtaining the smallest metallic particle size and the particles are well dispersed. 
6.3.2 Hydrotreating activities of the catalysts 
 
 
 
 
 
 
 
 
Figure 42. FTIR spectra of the OLPs over the five supported NiMoC catalysts 
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     The effect of the catalyst supports was correlated with their hydrotreating catalytic activity in the 
400oC reaction temperature range and 650psi pressure. The conversion of triglycerides was found to 
be 100% over the five catalysts by monitoring the concentration of triglycerides in the products. 
     It can be seen from Figure 42 that neither carboxyl nor ester group absorption could be found on 
the FTIR spectra of the OLPs from all of the catalysts. Therefore, both triglycerides and free fatty 
acids in the feedstock were converted. Basic composition of soybean oil hydrotreating products is 
similar for all catalysts used. The reaction yields an organic liquid product (OLP), together with 
gaseous products and water.  Beside hydrocarbon fuels, the OLP may also contain other side 
products, such as partially converted triglycerides, oxygenates, monomers, dimers, tars, among 
others. The gaseous products are composed unreacted hydrogen, carbon monoxide, carbon dioxide 
and small hydrocarbon molecules (C1-C4).  
 
Figure 43. Organic liquid product (OLP) yield 
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     The OLP yields and selectivities to gasoline kerosene/jet, and diesel hydrocarbons are given in 
Figure 43-46. It can be seen from Figure 43 that the OLP yields from NiMoC/Al-SBA-15 and 
NiMoC/γ-Al2O3 are superior to those from the zeolites supported catalysts, NiMoC/ZSM-5, 
NiMoC/Zeolite β and NiMoC/USY. It can be explained by the meso-structure property of Al-SBA-
15 and γ-Al2O3, which can provide a larger diffusion space for the large size triglyceride molecules 
(around 5.3-7.4Å longitudinal section diameter and 30-45 Å chain length76) than the micro-porous 
supports. NiMoC/Al-SBA-15 shows the highest yield of OLP as it has the largest pore size. Figure 
27 also shows that among the micro-porous materials OLP yield from NiMoC/USY is higher than 
those from NiMoC/ZSM-5, NiMoC/Zeolite β. It might be due to the higher specific adsorption 
capacity of NiMoC/USY than that of NiMoC/ZSM-5 or NiMoC/Zeolite β. A higher specific 
adsorption capacity could be a result of more active sites on the catalyst surface149. 
 
Figure 44. Gasoline selectivity in OLP 
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      The results of hydrotreating activity indicate that a lower gas yield was obtained with 
mesoporous molecular sieve (SBA-15) and amorphous alumina (γ-Al2O3) based catalysts as 
compared with zeolites based catalysts. The liquid yield was very low (60-80%) in case of zeolite 
based catalysts as compared with γ-Al2O3 and SBA-15 supported catalysts (90% and 96% 
respectively). It was reported by Leng et al.120 that lighter compounds such as gaseous 
hydrocarbons and gasoline range hydrocarbons are mainly produced from the secondary cracking 
during the catalytic cracking process of vegetable oils. Micro-porous catalysts provide smaller 
channel and longer diffusion trial for reactant molecules than meso-porous ones. Therefore, micro-
porous supports, ZSM-5, Zeolite β, USY can provide more cracking sites for gasoline production 
reactions than Al-SBA-15 and γ-Al2O3.  It can be seen from Figure 44 that 20-50% of gasoline 
range hydrocarbons in OLP were obtained over the zeolite supported catalysts, NiMoC/ZSM-5, 
NiMoC/USY and NiMoC/Zeolite β while almost no gasoline was produced over the other two non-
zeolite supported catalysts, NiMoC/Al-SBA-15 and NiMoC/γ-Al2O3.  In comporison of 
NiMoC/ZSM-5, NiMoC/USY and NiMoC/Zeolite β, it can be found that NiMoC/ZSM-5 and 
NiMoC/Zeolite β yield more gasoline range hydrocarbons than NiMoC/USY. The explanation can 
be found according to the pore volumes of the catalysts shown in Table 12. Pore volume of 
NiMoC/USY is the highest 0.25 cm-3/g; while NiMoC/ZSM-5 and NiMoC/Zeolite β are only 0.13 
and 0.09 cm-3/g, respectively. The diffusion of the triglyceride molecule within the large pore 
volume catalyst is much easier and therefore the secondary cracking is limited. Thus, less gasoline 
products were obtained over the larger pore volume catalyst (NiMoC/USY) than those over the 
NiMoC/ZSM-5 and NiMoC/Zeolite β catalysts.  
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Figure 45. Jet fuel selectivity in OLP 
 
 
 
 
 
 
 
Figure 46. Diesel fuel selectivity in OLP 
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     Diesel range hydrocarbons were mainly obtained as a result of the preferential removal of the 
oxygen from the triglyceride molecules by decarbonylation, decarboxylation and/or 
hydrodeoxygenation120. Therefore, porous structure of catalysts plays an important role in 
controlling the diesel selectivity. Smaller porous structure will cause more secondary cracking of 
heavy hydrocarbons and lead to a lower diesel selectivity. Larger porous structure of mesoporous 
supports as compared with zeolites makes it excellent candidates for applications where large 
organic molecules as triglycerides are accessible to the well dispersed active sites located inside the 
pores150. As shown in Figure 46, NiMoC/Al-SBA-15 and NiMoC/γ-Al2O3 have higher selectivities 
to diesel range hydrocarbons than NiMoC/ZSM-5, NiMoC/Zeolite β and NiMoC/USY. Furthermore, 
NiMoC/Al-SBA-15 is superior to NiMoC/γ-Al2O3  regarding selectivity to diesel range 
hydrocarbons (≈97%) under the condition tested. The organic liquid product is consisted 
predominantly of n-alkanes (C15-C18), only minor amounts of iso-alkanes and olefins have been 
found. This may be due to the different channel properties of these two catalysts as shown in Figure 3. 
NiMoC/Al-SBA-15 has a regular and uniform channel structure. Therefore, reactant diffusion 
inside the pores is easy and fluent. NiMoC/γ-Al2O3 has a meso-porous structure. However, its 
channel is non-uniform and irregular. Therefore, reactant diffusion inside the pores is not uniform. 
In contrast to the supports of amorphous alumina (γ-Al2O3) and microporous molecular sieves 
(zeolites), the mesoporous molecular sieve support (SBA-15) also have very high specific surface 
areas (Table 12) which allows very high dispersions and loadings of the supported active phase 151. 
So, NiMoC/Al-SBA-15 has the highest activity and selectivity to diesel hydrocarbons than other 
four catalysts.  
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6.4 Conclusions 
     The hydrotreating of soybean oils on supported NiMo carbide catalysts makes possible the 
production of gasoline to diesel range liquid hydrocarbons. Because of specific pore structures, all 
of the zeolites-supported catalysts have a strong cracking activity by producing more gaseous and 
gasoline products. The meso-porous γ-Al2O3 and Al-SBA-15 supported catalysts led to a larger 
production of green diesel containing mostly C15-C18 hydrocarbons, which are mainly formed by 
decarboxylation/decarbonylation and/or hydrodeoxygenation reactions, respectively. The high 
surface area, large porosity and regular channel structure of the A-lSBA-15 supported catalyst led to 
high conversion (100%) and selectivity to green diesel (97%), in the hydrotreating of soybean oil at 
400oC, 650 psi, oil LSHV = 1, during 7 days of reaction. When compared with other reported 
hydrotreating catalysts, the NiMoC/Al-SBA-15 catalyst showed the highest hydrotreating activity 
and selectivity to diesel hydrocarbons. The results showed that the present NiMoC/Al-SBA-15 
could be considered as a promising catalytic system for hydrotreating vegetable oil to green diesel. 
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CHAPTER 7.  RESEARCH CONCLUSIONS AND RECOMMENDATIONS 
7.1 Conclusions 
     The work in this dissertation shows that the developed catalysts exhibited excellent activity and 
selectivity for hydrotreating of renewable feedstock. NiMoC/Al-SBA-15 was found to be a 
promising catalytic system for hydrotreating vegetable oil to green diesel compared to other tested 
catalysts. The following conclusions can be obtained according to the three distinct experimental 
phases: 
Jet fuel hydrocarbons production FROM Catalytic cracking over ZSM-5 and hydrocracking 
over Ru/ZSM-5 of soybean oil 
 The yield of kerosene jet was as high as 21% during the catalytic cracking process over 
ZSM-5. 
 The catalytic cracking process suffered from severely plugging due to large amount of coke 
and tar production. 
 Jet fuel (16%) was obtained under a much lower pressure (650 psi) over a non-sulfided 
precious metal catalyst (Ru/ZSM-5 catalyst). 
 Less tar and coke were formed during the hydrocracking process and stable continuous flow 
reaction was obtained by using the bifunctional Ru/ZSM-5 catalyst. 
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Hydrocarbon Fuels Production from Hydrocracking of Soybean Oil Using Transition Metal 
Carbides and Nitrides Supported on ZSM-5 
 Complete conversion of soybean oil and up to 50%wt yield of hydrocarbon fuels were 
obtained from vegetable oil. 
 Nitride catalyst showed a higher activity for the methanation reaction. 
 Catalyst under a low reaction temperature (360oC) is not resistant to the water poison and 
large amount of carboxylic acid products was produced. 
 Increasing the oil-catalyst contact time by decreasing the oil flow rate can enhance the 
hydrocarbon fuel contents in the organic liquid products. 
 Highest yield of biofuels was obtain over the catalyst with a small amount of Ni 
(Ni/Mo=0.5). 
Hydrotreating of Soybean Oil over NiMo Carbide Supported on Five Different Supports 
 20-50% of gasoline range hydrocarbons in the OLP were obtained over the zeolite 
supported catalysts, NiMoC/ZSM-5, NiMoC/USY and NiMoC/Zeolite β.  
 The meso-porous γ-Al2O3 and Al-SBA-15 supported catalysts led to a larger production of 
green diesel containing mostly C15-C18 hydrocarbons. 
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 NiMoC/Al-SBA-15 supported catalyst led to high conversion (100%) and selectivity to 
green diesel (97%), in the hydrotreating of soybean oil at 400oC, 650 psi, oil LSHV = 1, 
during 7 days of reaction. 
      In conclusion, this study provides a promising approach for preparing drop-in fuels from 
renewable resources under milder reaction condition compared to the industrial process. The 
application of the technology eliminates the need to add a sulfur compound to a biomass-derived 
feedstock. This study fills the gaps in the literature by investigating the hydrotreating activities and 
selectivity of bimetallic (NiMo) carbides and nitrides catalysts. 
7.2 Recommendations 
      Recommendations for the future study on the production of hydrocarbon fuels especially green 
diesel from renewable feedstocks using a supported NiMo carbide catalyst are as follows: 
 Modify the catalyst formulation using the obtained Al-SBA-15 as the support material. The 
bimetallic combinations should be further varied to determine the one having high 
hydrogenation and oxygen removal activities with a longer catalyst life. 
 Adopt the concept of combining the mesoporous supports and zeolites to achieve higher 
selectivity in the gasoline to jet range hydrocarbon fuels. 
 Study the catalyst activity and selectivity by varying the renewable feedstocks, especially 
non-food based feedstocks, such as algae oil, waste cooking oil, yellow grease, brown 
grease, etc. 
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 A more detailed analysis of the product, such as oxygenate contents, olefin to paraffin ratio, 
coke and tar compositions. A thorough fuel property test including cetane number, cold flow 
property, viscosity, pour point and oxidative stability should be carried out with the green 
diesel products. 
 Investigate the catalyst deactivation mechanism and find the way to regenerate the catalyst. 
 Develop the thermal kinetic model and cost model so that the process can be evaluated on a 
cost basis. 
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ABSTRACT 
BIOFUELS PRODUCTION FROM HYDROTREATING OF VEGETABLE OIL USING 
SUPPORTED NOBLE METALS, AND TRANSITION METAL CARBIDE AND NITRIDE 
by 
HUALI WANG 
May 2012 
Advisors: Dr. K. Y. Simon Ng and Dr. Steven O. Salley 
Major: Chemical Engineering 
 Degree: Doctor of Philosophy 
             The focus of this research is to prepare non-sulfided hydrotreating catalysts, supported 
noble metal and transition metal carbide/ nitride, and evaluate their hydrocracking activities and 
selectivities by using soybean oil as the feedstock. For comparison study, catalytic cracking of 
soybean oil over a commercialized ZSM-5 was investigated. However, steady state could not be 
reached because significant amounts of tar and coke were generated during the reaction though a 
high yield (21%) of jet fuel was obtained from the process. Compared to the catalytic cracking 
process, less tar and coke were formed during the hydrocracking process and stable continuous flow 
reaction was obtained by using the bifunctional Ru/ZSM-5 catalyst. 16% yield of jet fuel, which is 
comparable to yields over commercialized sulfided NiMo catalysts while at a much lower pressure 
of 650 psi was produced. A 20 - 29% diesel yield was also obtained during the process. But coke 
was the issue with this noble metal catalyst.  
           In the following stage, novel bi-functional catalysts, NiMo carbide or nitride supported on 
ZSM-5, zeolite β, USY, γ-alumina oxide, and Al-SBA-15 were prepared by the temperature-
programmed reaction method and the effects of process parameters on catalytic hydrocracking of 
soybean oil were investigated. 100% conversion of soybean oil was attained under the 650 psi and 
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360-450 oC reaction conditions. Among them, three zeolite supported carbide catalysts showed high 
selectivity to green gasoline (about 15-40%) due to the high cracking activities. γ-alumina and Al-
SBA-15 supported catalysts mainly produced green diesel fuels. Especially Al-SBA-15 supported 
NiMo carbide catalyst gave the highest yield of organic liquid product (96%) and highest selectivity 
(97%) to hydrocarbons in the boiling range of the diesel fraction. The study of carbide and nitride 
catalysts provides a promising approach for preparing drop-in fuels from renewable resources under 
a lower pressure without sulfurization reagents involved in the process. NiMoC/Al-SBA-15 showed 
the greatest potential for producing green diesel from renewable feedstock. 
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